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SUIElARY 

R e g e n e r a t i v e  hydrogen-oxygen i u e l  c e l l  s have t h e  p o t e n t i a l  oL 

a c l i i e v i n z  v e r y  h i g h  energy s t o r n z e  t o  vieiSlit r a t i o s .  However, f o r  

minimum we igh t  o f  t h e  energy c o n v e r s i o n - s t o r a z e  system, i t  soon bccomcs 

e v i d e n t  t h a t  a premiun is  placed on c e l l  e f f i c i e n c y .  F o r  t h i s  r e a s o n ,  

t h e  p r i n c i p a l  aim oT t h i s  prozram was t o  devrilop c e l l s  w i t h  h i g h e r  

e r f i c i e n c i e s  wliile r e t a in i . ng  the p o t e n t i s l  f o r  l i igh ene rgy  t o  weiglit 

r a t i o s .  

One approach t o  t h e  problem i s  t o  deve lop  a h y b r i d  f u e l  c e l l  tliat 

w i l l  r e t a i n  i n  p a r t  t i le 1iglitweij;lit c l i a r a c t e r i s t i c s  o f  t h e  Iiydrozen- 

oxygen Tuel cell and h n s  f a r  l e s s  e l e c t r o d e  p o l a r i z a t i o n  a s s o c i o t e d  

w i t h  i t .  For  t h i s  r e a s o n ,  a s i g n i f i c a n t  p a r t  o f  t h e  program vas devoted 

t o  work on h y d r o g e n - s i l v e r  oxide " f u e l  cells" ' When cliai-zing o r  d i s -  

cliai-ying on t h e  l o v e r  p l a t e a u  ( i . e . ,  tlic A,,-A- 0 p l a t e a u )  o f  a si l ; .er  

electrode> v e r y  h i g h  ch, i rge-discharge c l f i c i c n c i e s  have been acll icvcd. 

When cl iargcs  a t  10  ma/cm a r e  d i s c h a r g e d  a t  I c C ) ,  t h e  v o l t n p  e f f i c i e n c y  

i s  S7 p e r c e n t .  Pietliods were sought t o  overconie sonic of t h e  n a j o r  

d i s a d v a n t a g e s  o f  t h c  s i l v e r  oxidc e l e c t r o d e .  G e n e r a l l y ,  i t  113s been 

p o s s i b l e  t o  clinrge o n l y  a s m a l l  f r a c t i o n  of  tlie t h e o r e t i c a l  amount on 

t h e  lower p l a t e a u  and disc!iar;:e o n l y  a s r i a l l  ariount on the  upper  p l a t e a u ,  

t h e r e b y  r e s u l t i n g  i n  n s i S n i f i c a n t  ene rgy  l o s s .  These l i m i t a t i o n s  o f  

t h e  s i l v e r  ox ide  e l e c t r o d e  a r e  h e l i e v e d  t o  be connected v i t h  t l i c .  l i ig l i  

r e s i s t i v i t y  o f  Ag20. 

measured and e:; tensive t e s t i n g  was t h e n  yer€ormed on e l e c t r o d e s  made €rom 

t!ic two b e s t  of  t h e s e  and compared uit!i  undoped s i lver  o x i d e  c l e c t r o d c r .  

R e s i s t i v i t y  v a l u e s  Lor a l l  e l e c t r o d e s  t e s t e d  a re  g i v e n  i n  T a b l e  VIII. 

S m a l l  improvements were no ted  i n  b o t h  c a p a c i t y  and p o l a r i z a t i o n  cha rac -  

t e r i s t i c s .  I n  c o n n e c t i o n  w i t h  t h e  h y d r o g e n - s i l v e r  o x i d e  c o n c e p t ,  

"2 

2 

R e s i s t i v i t i e s  o f  s e v e r a l  doped s i l v e r  o x i d e s  tiere 
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hydrogen s t o r a g e  i n  p a l i a d i u m  and i n  Raney n i c k e l  w3s e v s l u a t e d  f o r  non- 

p r e s s u r e  s t o r a g e  o f  tlte hydrogen. I t  vas concluded t i i a t  f o r  p a l l a d i u n ,  

t h i s  approach i s  i e a s i b l c ,  b u t  Lor itaney n i c k e l ,  it: was n o t  i e n s i b l e  w i t h  

t h e  p r e s e n t  d e s i g n .  . 
An e v a l u a t i o n  was made of  a b ~ t t e r y  f u e l  c e l l  bascd on t h c  hydrogen- 

s i l v e r  o x i d e  r e a c t i o n .  P r e l i n i n a r y  d c s i z n  o f  n b a t t e r y  bascd on t h e  

e x p e r i m e n t a l  r e s u l t s  i i i d i c a t c d  o n l y  a small  improvenent i n  energy t o  

weight: r a t i o  over  o t h e r  e x i s t i n g  c e l l s  u s i n g  s i l v e r  o x i d e  e l e c t r o d e s .  

S i n c e  t h e  h y d r o g e n - s i l v e r  oxide h y b r i d  f u e l  c e l l  does n o t  o f f e r  tlic p o t e n t i a l  

Lor h i g h  ene rgy  t o  weiSht r a t i o s ,  e f f o r t s  Eor deve lop ing  t h i s  c e l l  Cur the r  

were l i m i t e d .  

I t  a p p e a r s  t h a t  t:ie q u a n t i t y  o f  hydrogen s t o r e d  vas l i m i t e d  by t h e  

c i p n c i t y  O C  tlie p a l l a d i u n  ( i . e . ,  tlie amount of  hydrogen t h a t  f o m s  a non- 

s t o i c l i u i m e t r i c  compound oLr t h e  compos i t ion  PdH 

r e p o r t e d  i n  t h e  l i t c > r n t u r e .  The s t o r a g e  o f  hydrogen i n  p a l l a d i u m  does n o t  

) t ha t  has  been  
0 55 -0. GO 

a p p e a r  p r a c t i c a l  due t o  t h e  high weight  of  p a l l a d i u m  r e q u i r e d .  

Ano the r  major  p a r t  o f  t h e  program was concernccl w i t h  i n v c s t i ; ; a t i o n s  

01 t h e  hydrogen-oxygen f u e l  c e l l .  E l e c t r o d e  s t u d i e s  were c a r r i e d  o u t  

€ o r  t h e  pu rpose  o f  improving c e l l  e f f i c i e n c i e s  and i n c r e a s i n g  power 

d e n s i t i e s ,  These s t u d i e s  r e s u l t e d  i n  improvenents  i n  power d e n s i t i e s  

a t  a g iven  t empera tu re  of  approx ima te ly  a f a c t o r  of f i v e  o v e r  performance 

a v a i l a b l e  a t  t h e  s t a r t  O C  tlie prozrnm. For  example, t h e  maximum power 

d e n s i t y  f o r  a room tempera tu re  c e l l  vas  less  t h a n  20 mwlcn a t  t h e ' b e g i n -  

n i n g  of t h e  p r o g r a n  and i n c r e a s e d  t o  30 mw/cm a t  t h e  end. 

2 

2 

Experiments  r e l a t i n g  t o  o t h e r  a s p e c t s  of  r e c h a r g e a b l e  hydrogen-oxygen 

f u e l  c e l l s  were a l s o  c a r r i e d  out .  S i n c e  ce l l  c a p a c i t y  i s  de t e rmined  by 

t h e  amount of e l e c t r o l y t e  s t o r a g e ,  methods of  s t o r i n g  e l e c t r o l y t e  i n  

r e g i o n s  o t h e r  t h a n  between tlie e l e c t r o d e s  were exanined. S i g n i f i c a n t  

improvements i n  c a p a c i t y  were demonstrated.  A c e l l  w i t h  a norrml c a p a c i t y  

o f  3 , s  amp-hours was i n c r e a s e d  t o  3 . 2  amp-hours. From F ig .  11, i t  would 

a p p e a r  tiiat t h e  c e l l  should o p e r a t e  o v e r  a n  e l e c t r o l y t e  c o n c e n t r , i t i o n  range 

o f  35 p e r c e n t  KOH t o  t h e  s a t u r a t i o n  p o i n t  ( a b o u t  5 4  p e r c e n t  a t  room 

t e m p e r a t u r e )  f o r  t h e  complete c h a r g e - d i s c h a r g e  c y c l e .  S i n c e  t h e  

3310-F ina l  2 



e l e c t r o l y t e  bed  s e r v e s  t h e  f u n c t i o n  of  s e p a r a t i n g  t h e  gaseous r e a c t a n t s ,  

measurements were made of gas d i f f u s i o n  r a t e s  t l irough t h e  e l e c t r o !  y t c  

and methods a r e  SugEcstcd f o r  d e c r e a s i n g  tile ;as permeabi! i t y ,  t l i e r eby  

improving cha rge  r e t e n t i o n  c a p a b i l i t i  c s .  I t  was Found, f o r  example,  tliat 

f o r  n comple t e ly  discl iarged c e l l  a t  room t ' impern tu re  and 100 psi;: titat 

g a s  d i f f u s i o n  r a t e s  th rough  tlie a s b e s t o s  corresponded t o  a p p r o x i m a t e l y  

0,9 ma/cn . L 

2 
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2 .  CONSTRUCTION OF EXPERIMENTAL CELLS 

The d e s i g n  of  t h e  expe r imen ta l  f u e l  c e l l  was such t h j t  i t  could 

be used e i t h e r  a s  a h y d r o g e n - s i l v e r  o x i d e  cel l  o r  a hydrogen-oxygen 

c e l l .  F i g u r e  I shows the drrangeme:it when iised .is 21 hyTrogen-oxygen 

c e l l .  The i i l v e r  ~ ) i . i ( i e  subassembly can bc r ep ldced  by a n  oxygen 

subassembly which i s  i r l e n t i c . c l  t o  the oiie f o r  hydrogen e x c e p t  t h a t  t h e  

s t o r a g e  t ank  h a s  o n l y  h a l f  the c a p a c i t y  o f  t h e  hydrogen t ank  and h a s  

no p r e s s u r e  t r a n s d u c e r .  The hydrogen-oxygen a r r angemen t  i s  shown i n  

F i g u r e  2 .  

I t  can  be  seen  i n  F igu res  1 and 2 t h a t  t he  f u e l  c e l l  assembly 

c o n t a i n s  two r e f e r e n c e  e l e c t r o d e s  f o r  measuring indivi.clua1 e l e c t r o d e  

p o t e n t i a l s .  C o n t a c t  t o  t h e s e  r e f e r e n c e  e l e c t r o d e s  i s  made by T e f l o n  

i n s u l a t e d  p r o b e s .  The work performed on t h e  p r e s e n t  program d i d  n o t  

r e q u i r e  t h e  u s e  o f  mic ro  e l e c t r o d e s  a s  v e r y  r a p i d  r e sponse  times were 

n o t  i .mportant .  A 3 mm s e p a r a t i o n  was m d e  between t h e  r e f e r e n c e  

and  working e l e c t r o d e s .  Other  i n v e s t i g i  t o r <  have a t t r i b u t e d  i n s t a b i  l i  t y  

= f  ch-4- L k , L  L L  rfiF,,,,,- L L L = ; L L L L L C :  clCLL.L"UC3 , . l - - & - - - l - -  I- L o  h i g h  L-iii-rcii'Ls floiviiig i i i  t he i r  

immediate v i c i n i t y  (Ref .  1) .  T h i s  d i f f i c u l t y  has  been overcome i n  

the  p r e s e n t  d e s i g n  by not having working and r e f e r e n c e  e l e c t r o d e s  

o p p o s i t e  one a n o t h e r .  

The working e l e c t r o d e s  desc r ibed  i n  S e c t i o n s  4 . 1  and 5 . 1  a r e  

a n n u l a r  r i n g s  w i t h  3.968 C T  o u t s i d e  d i a m e t e r  ant: 1 . 7 2 8  c m  i n s i d e  

d i a m e t e r .  These dirnensions arc' such t h a t  t he  worki-ng e l e c t r o d e  area 

i s  e x a c t l y  LO c m  so t h a t  conve r s ion  from c u r r e n t  t o  c u r r e n t  d e n s i t y  

c a n  r e a d i l y  be  made. 

2 

The hydrogen and oxygen s t o r a g e  c y l j - n d e r s  a r e  s t a i n l e s s  s t e e l ,  
. . -A  &L.. 
~ I L U  L I K  file: c e l l  body i s  monel. The b - r i n g s  a r e  s i l i c o n e  r u b b e r .  . 
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I 
1 
1 I n  some c a s e s ,  t h e  e l e c t r o l y t e  was made from b o i l e d  d i s t i l l e d  w a t e r  

s t o r e d  i n  g l a s s .  The b o i l i n g  was done i n  o r d e r  t o  r educe  the  ca rbon  

d i o x i d e  c o n c e n t r a t i o n  whi.ch i s  o r i g i n a l l y  f ,3r  rihoiie t he  e q t l j  1 i b r i a : ?  

v a l u e .  The pH r i s e s  t o  7 .0  a f t e r  b o i l i n g .  I n  o t h e r  c a s e s ,  d e i o n i z e d  

water  was u s e d ,  s i n c e  i t  h a s  a very  l o w  C 0 2  c o n c e n t r a t i o n .  Fo ta s s ium 

hydroxide s o l u t i o n s  o f  l C ,  3 5 ,  anti 55 perce-nt  were made up i n  advance 

a n ( ’  s t o r e d  i n  po 1 ye t h y l e n e  . The s o l u t i o n s  h e r e  prc. t e c  ted f rom the 

a i r  by KOII p e l l e t s  and c o l o r - i n d i c a t i n g  s i l i c a  g e l .  The : : l i t t r jy  

h o l d i n g  the  e l e c t r o l y t e  was a com!ilerciJl g rade  a s b e s t o s ,  wh; ch  W:JS 

washed b e f o r e  use t o  e x t r a c t  c h l o r i d e  i o n  which i s  p r e s e n t  i n  the 

o r i g i n a l  ilki t e r i a l .  

331 0 -Fina 1 
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3 .  INSTRUMENTATION 

The i n s t r u m n t n  t i o n  w a s  cles igneti f o r  t he  purpose o f  measuring 

and r e c o r d i n g  i n d i v i d u a l  e l e c t r o d e  p o t e n t i a l s  of  a n  o p e r a t i n g  c e i l  

i n  a d d i t i o n  t o  t empera tu re  , p r e s s u r e ,  and c u r r e n t .  A pressure 

t r a n s d u c e r  was c a l i b r a t e d  and  b r l i l t  i n t o  the  hyc!rogen s t o r a g e  

c y l i n d e r  ( F i g u r e  1 ) .  Temperature measureriicnts were ni'ide w i t h  a 

c h r o m e l - a l u m 1  thermocouple v i  t h  a room t empera tu re  r e f e r e n c e  

j u n c t i o n .  C u r r e n t  was inLrerred by measuring the v o l t a g e  d r o p  

a c r o s s  a p r e c i s i o n  (1 pe rcen t )  0.1 ohm r e s i s t o r .  

A c o n s t a n t  c u r r e n t  power s u p p l y  and c y c l e r  u n i t  was b u i l t  t o  

o b t a i n  e l e c t r o d e  p o l a r i z a t i o n s  a s  a f u n c t i o n  o f  c u r r e n t  d e n s i t y .  A 

schemat i c  diagram o f  t h i s  u n i t  i s  shown i n  Figure. 3 .  I t s  purpose was 

t o  measure the  f u e l  c e l l  p o t e n t i a l ,  t he  i n d i v i d u a l  e l e c t r o d e  p o l a r i  - 
za t i o n s ,  t e m p t r a t u r e  , and p r e s s u r e  w h i l e  t h e  c u r r e n t  was v a r i e d  

a u t o m a t i c a l l y  on bo th  cha rge  and d i s c h a r g e .  Beginning w i t h  a n  

i n i t i a l  open c i r c u i t ,  t h e  c y c l e r  went through a cha rge  c y c l e  a t  10G 

ma, 260 ma, SG6 m a ,  600 ma, e t c .  , t u  2 arnps,  i n  tiiat orcicr.  i K 

t hen  went t o  open c i . r c u i t ,  through a d i s c h a r g e  c y c l e  a t  t h e  same 

c u r r e n t  s e t t i n g s  a s  f o r  t h e  charge c y c l e ,  and r e t u r n e d  t o  open 

c i r c u i t .  A t  e ach  s e t t i n g ,  the power s u p p l y  ma in ta ined  c o n s t a n t  

c u r r e n t  ( a l t h o u g h  n o t  e x a c t l y  t h e  nominal v a l u e s  mentioned above) , 
and the  t i m e  s p e n t  a t e a c h  p o s i t i o n  could be s e t  f o r  1 , 2 ,  3 ,  4 ,  6 ,  

and 12 m i n u t e s .  Three minute s e t t i n g s  were u s e d  i n  a l l  c a s e s .  

The v a r i o u s  f u n c t i o n s  were monitored by a Brown-Honeywell e i g h t -  

channe l  r e c o r d e r  A channe l  s e l e c t o r  p a n e l  was bui.1t  so t h a t  each  

channe l  could be s c a l e d  i n d i v i d u a l l y  t o  t h e  r e c o r d e r ,  by means of  a 

p o t e n t i o m e t e r .  The tempera tu re  channe l  was unscaled and t h e r e f o r e  
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r ead  from 0 t o  20 mv, t h e  s e n s i t i v i t y  o f  t h e  r e c o r d e r .  The p r e s s u r e  

channe l  was s c a l e d  L-40 m v ,  i n  some c a s e s ,  a l l o w i n g  p r e s s u r e s  t o  

350 p s i  t o  be r e c o r d e d .  A t  ot!>.tr t imes i . t  was u n s c a l e d .  The channe l  

measuring hydrogen e l e c t r o d e  p o l a r i z a  t i o i i  was o r i g i n a l l y  s c a l e d  

0 - 0 .2  vol . t ,  b u t  was l a t e r  changed  t o  ci - 0.4  v o l t .  The c u r r e n t  

channe l  was s c a l e d  G - 0 - 2  v o l t ,  ‘tsihich i m p l i e s  0 . 2  amp, and a l l  

o t h e r  c h a n n e l s  were s c a l e d  0 - 2 v o l t s .  A r e f e r e n c e  v o l t a g e  s u p p l y  

u n i t  made by John  F l u k e  Manuf3cturi.ng Company was u s e d  a s  the pr jmary 

s t a n d a r d  f o r  a l l  v o l t a g e  measurements abvve  1 . C Q  v o l t s ,  t he  p o t e n t i a l  

o f  t he  s t a n d a r d  c e l l .  
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1, . IIYDROCEX-OXYGEN CELLS 

Tlie p ' i r t  of tlie program devoted t o  r e s e a r c h  on hydroeen-oxyzen cel-1s  

was concerned wit!i i n c r e a s i n g  c e l l  p e r i o n l a n c e ,  i n c r e a s i n g  t h e  c e l l  

s t o r a g e  c a p a c i t y ,  and measuring c1iar:;e r e t e n t i o n  a b i l i t i e s  and o v e r - a l l  

c y c l e  e f f i c i e n c y .  Cy c e l l  per ioimancc,  i t  i s  n c a n t  v o l t a g e  v e r s u s  c u r r e n t  

d e n s i t y  c h a r a c t e r i s t i c s .  C e l l  pcrforr iance i s  de t e rmined  ve ry  l a r g e l y  

by  tlie n a t u r e  oT tlie e l e c t r o d e s ,  b u t  o t h e r  f a c t o r s  can  l u v e  a s i g n i L i c a n t  

e F f e c t .  These o t h e r  f a c t o r s  are i n c l u d e d  under  t l ie gene ra l  head ing  of  

e 1 e c t rod e s t u d  i e s . 
A l l  s t u d i e s  of 1iydrogen-oxy::en c e l l s  were rlade wit!i c a t a l y z e d  po rous  

n i c k e l  e l e c t r o d e s .  In a l l  c a s ' s  tlic e l e c t r o l y t e  1.73s c o n t a i n e d  i n  an 

a s b e s t o s  m a t r i x  oT about  0.08 cm t!licI:ness. The a s b e s t o s  c o n t . i i n s  a n  

o r z a n i c  b i n d e r  t h a t  i s  q u i t e  s t< ib le  i n  t h e  f u e l  c e l l  environment and 

adds  n h i g h  d e g r e e  of cohes ion  t o  t h e  i i b e r s .  T h e  r e s i s t i v i t y  of tlie 

e l e c t r o l y t e  i n  tlie a s b e s t o s ,  a s  measured by a c o n d u c t ~ n c e  b r i d g e ,  is abou t  

36 o h - c m .  

l ' .  1 E?ectr:::!Q F n b r i c z t i p n  

A r:a j u r  inprovcment i n  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  Tor 1iydro;en- 

oxygen c e l l s  w3s acli ievcd e a r l y  i n  tlie p r o g r m .  A coilipnrison between 

t h e  o l d  and new p r o c e s s e s  i s  s h o ~ m  i n  Fig. ' .  H y d r o p n  and oxygen 

e l e c t r o d e s  were nade i n  t h i s  lnbor,1tory i n  t'ie p a s t  by irllmersing po rous  

n i c k e l  e l e c t r o d e s  i n  a h o t  s o l u t i o n  of c h l o r o p l  i t i n i c  n c i d  u n t i l  tlie 

s o l u t i o n  t u r n e d  zrecn o r  f o r  ;I l e n g t h  of t i ne  c o n s i d e r e d  s u f f i c i e n t  t o  

r e d u c e  a l l  t h e  p l a t inum.  But tilis p r o c e s s  p ' a t e d  o n l y  a t l i i n  s u r f a c e  

l a y e r .  Tlie new p l a t i n g  p rocess  i s  accomplisiicd by s l o w l y  drawing t h e  

s o l u t i o n  th rough  tlie e l e c t r o d e  n a t e r i a l ,  u s i n g  t h e  s u c t i o n  From a w a t e r  

= I s p i r a t o r .  The  e l ec t rode  i s  placed i n  a Buzhncr :ui;nel for this purppse .  
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By b r e a k i n g  open t h e  p l a t e d  e l e c t r o d e s ,  i t  can  be s e e n  t h a t  t h e s e  

e l e c t r o d e s  a r e  p l a t e d  a l l  t h e  way t!irough by tlie l a t t e r  p r o c e s s ,  b u t  o n l y  

on t h e  s u r f a c e  by t l ie former.  Severnl  passes oi the s n l i i t i o n  throuSh the  

e l e c t r o d e  a re  n e c e s s a r y  d i e n  p l a t inum p l a t i n g ;  t h e  number depend ing  on 

s o l u t i o n  t e m p e r a t u r e  and r a t e  of  pas sage .  plat in^ w i t h  p a l l a d i u m  i s  a 

much more r a p i d  p r o c e s s ,  even a t   roo^!. tcrnperature .  Coriplet ion of  t h e  

r e a c t i o n  i s  t e s t e d  f o r  i n  e i t h e r  c::sc by t r c a t i n : ;  :i s m a l l  p o r t i o n  of tlie 

f i l t r a t e  .with a n e u t r a l  s o l u t i o n  of  1 3  ( R e f ,  2 ) .  The e l e c t r o d e  i s  t h e n  

washed w e l l  w i t h  Iiot wa te r  while  i n  tile nuchner  f u n n e l .  j?igt!re 5 ~ 1 1 0 ~ ~ s  

a performance comparison between two p a i r s  of  e l e c t r o d e s  t h a t  were nade 

e a r l y  i n  t h c  p r o p a n .  A l l  c o n d i t i o n s  were i d e n t i c a l  e x c e p t  t h e  p l a t i n g  

p r o c e s s .  

The same p r o c e s s  was used f o r  b o t h  hydrogen and oxygen e l e c t r o d e s  

i n  nany c a s e s ,  During t h e  p r o g r s n  n i x e d  c a t a l y s t s  were deve1.oped t h a t  

[ p v e  inproved p e r f o r m i i c e  € o r  hydrogen e l e c t r o d e s  and t h e  p l a t  i n s  p rocedure  

was mod i f i ed  f o r  t l iose e l e c t r o d e s .  T a b l e  I g i v e s  a c o m p i l a t i o n  o f  most 

of t h e  liydrogen and oxygen e l e c t r o d e s  u s e d  f o r  t h e  e l e c t r o d e  s t u d i c s .  

The r c n a i n d e r  a r c  d e s c r i b e d  i n  t h e  a p p r o p r i a t e  s u b s e c t i o n s .  

4.2 E l e c t r o d e  S t u d i e s  

T h e  e f f e c t s  o f  s e v e r a l  f a c t o r s  t:i.it riip,!it i n f l u e n c e  e l e c t r o d e  

p c r f o m a n c e  o f  hydrogen-oxygen f u e l  c e l l  s were s t u d i e d .  A l l  liydrogen 

e l e c t r n r l e c  <?r.d 311 9::ypr. ~ l ~ ~ t : - ~ d ~ : s  e::ccpt tl:os; f o r  rzd<=nctl*;c 

s t u d i e s  were po rous  n i c k e l  c a t a l y z e d  w i t l i  p l a t i i i u n  ( o r  ;I p l a t i n u n -  

p a l l a d i u m  m i x t u r e  i n  most cases)  cis d e s c r i b e d  i n  S e c t i o n  1,. 1 .  

The metliod oE measuring i n d i v i d u a l .  e l e c t r o d e  p o l a r i z a t i o n s  W:IS 

d e s c r i b e d  i n  S c c t i o n s  2 and 3. It s:iotrld be no ted  t:iat tiiese measure- 

r i en t s  i n c l u d e  ohmic r e s i s t a n c e .  For  a l l  hydrogen e l e c t r o d e s  r e p o r t e d  i n  

t ; i i s  s e c t i o n ,  tlie p d l a r i z a t i o n s  r c f e r  t o  tlie p o t e n t i a l  of  tlie workin2 

e l e c t r o d e  minus tlic p o t e n t i a l .  of  a n  exact1.y s imi l a r  e l e c t r o d e  i n .  tlie 

same s o l u t i o n .  F o r  the oxygen e l e c t r o d e s ,  I i o w v e r ,  t!ie i r r e v e r s i b l e  

n a t u r e  of t h a t  e l e c t r o d e  p r e c l u d e s  i t s  use as  a r e f e r e n c e  and i n  31  1 

LcIc:nce c l c c t r o d c  of  A s  0 was uscd. Piit t:ie v a l u c s  r e p o r t e d  2 C ~ S C S  a reqn7-- 

i n  t h i s  s e c t i o n  f o r  t h e  oxygen e l e c t r o d e  do n o t  r e p r e s e n t  t h e  o::ygen 
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e l e c t r o d e  p o t e n t i a l  minus t h e  Ag 0 p o t e n t i a l .  

r e a c t a n t s  , t h e  hypot l ie t  i c a l  r eve r  s i b  le oxygen e l e c t r o d e  p o t e n t i a l  i s  

1.223 v o l t s  a t  25' and t h e  r e v e r s i b l e  Ag,O-Ag p o t e n t i a l  i n  a1l :a l ine 

s o l u t i o n  i s  1 . 1 7 2  v o l t s  (Ref .  3 ) .  The p o t e n t i a l  o f  0 vs H i s  pH 

independen t  e x c e p t  a t  v e r y  high e l e c t r o l y t e  c o n c c n t r a t i o n s  where t h e  

a c t i v i t y  o f  t h e  s o l v e n t  d e v i a t e s  s i p i f i c a n t l y  from u n i t y .  The po ten -  

t i a l  of  Ag 0 vs H i s  npprox inn te ly  pH independent  i n  a l k a l i n e  s o l u t i o n  

e x c e p t  f o r  e f f e c t  of s o l v e n t  a c t i v i t y  a s  no ted  above and a l s o  f o r  

a minor  eCFect due t o  Lt change o f  s o l u b i l i t y  of Ag 0 w i t h  pII. The 

l i y p o t h e t i c a l  r e v e r s i b l e  p o t e n t i a l  of  a n  a c t u a l  c e l l  w i l l  a1 s o  be 

a weak Eunct ion of tlie g a s  p r e s s u r e s  and t h e  t e n p e r i t u r e ,  b u t  t o  

a good approx ima t ion ,  under  the c o n d i t i o n s  p r e v a i l i n g  i n  t h e s e  

expe r imen t s ,  tlic reversible o-:ygen p o t e n t i . :  1 ( , i y p o t I i c t i c a l )  w i l l  

b e  abou t  0.06 vo! t l i i ghe r  tlian tliat f o r  '1~ 0.  I t  becomes conven ien t  

t h e n  t o  s u b t r ' i c t  t h i s  ariount frori t h e  measured v a l u e  oE t h e  0 (wor1:inL) 

e l e c t r o d e  minus the A n  0 ( r e f e r e n c e )  e l e c t r o d e  and g i v e  p l o t s  which t o  

a c l o s e  approx ima t ion  r e p r e s e n t  t h e  e x t e n t  o €  p o l a r i z a t i o n  o f  t h e  , 

oxygen e l e c t r o d e s .  The r e s u l  t s  p r e s e n t e d  i n  tliis way a r e  c o n s i s t e n t  

w i t h  t h e  hydroZen e l e c t r o d e  p o l a r i s a t i o n ,  I . < I . ,  t h e  s l i m  of  t h e  two 

e l e c t r o d e  p o l a r i z a t i o c s  p l u s  tlie c e l l  p o t e n t i a l  i s  i n v a r i a b l y  1 , 2 3  v o l t s  

t o  w i t h i n  t h e  a c c u r a c y  of t h e  measurements. 

A t  u n i t  a c t i v i t y  of 2 

L 

2 2 

2 2 

2 

2 

2 

0 2  

4.2.1 P r c s s u r e  Dependence 

P r e s s u r e s  were v,ir ied f r o n  50 t o  95 p s i g  i n  t h e s e  e x p e r i -  

ments .  I n  t h i s  r a n q e ,  t h e  performance of  the hydrogen e l e c t r o d e  i s  

independen t  o f  gas  p r e s s u r e .  The oxygen e l e c t r o d e ,  however, v a r i e s  

s i z n i f i c a n t l y  w i t h i n  t h i s  range.  The r e s u l t s  are shown i n  F i g .  5 .  Tlie 

oxygen e l e c t r o d e  vas porous n i c k e l  w i t h  15 rig Pt /cm . 2 

I n  a d d i t i o n  t o  t h e  e f f e c t  of  t o t a l  p r e s s u r e ,  i t  h a s  

a l s o  been  found tliat oxygen e l e c t r o d e s  a r e  more s e n s i t i v e  t o  f l o o d i n g  

t h a n  a r e  hydrogen e l e c t r o d e s .  I f  t h e  g a s  p r e s s u r e  a t  e i t h e r  s i d e  i s  

i n c r e a s e d  o v e r  t h a t  a t  t h e  o t h e r ,  t h e n  t h e  e l e c t r o d e  a t  t h e  low p r e s s u r e  

s ide  b e g i n s  t o  s h o w  s e v e r e  c o n c e n t r a t i o n  p o l a r i z a t i o n  due t o  f l o o d i n s .  

The hydrogen e l e c t r o d e  can t o l e r a t e  ;I d i f f e r e n t i a l  of 1 t o  2 p s i  w h i l c  
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t h e  oxygen e l e c t r o d e  canno t .  I n  f a c t ,  t h e  oxygen e l - ec t rode  o f t e n  

works b e s t  i f  the  oxygen p r e s s u r e  i s  a b o u t  3. p s i  h i g h e r  t h a n  t h e  Ilydro- 

gen p r e s s u r e .  

d i  f f c r e n c e  i n  behavior of thc two e l e c t r o d c s  l i k e l y  r e f l e c t s  t h e  lower 

diffusion r a t e  througk t!ic e l e c t r o l j t e  17i I .n  f o r  oxy:;en. 

These r e s u l t s  a r e  p r e s u n a b l y  due t o  f l o o d i n g  and the  

4 . 2 . 2  Temperature  Dependence 

l'o1:irizatioii s t u d i e s  were made a t  28", 4 9 @ ,  and 6 8 O C .  

Tht? r e s u l t s  a re  g i v e n  i n  Figure 6. The  t empera tu re  measurements were 

made w i t h  a chromel-alumel thermocouple whose j u n c t i o n  was a t  t he  

c e n t e r  o f  t he  f u e l  c e l l  a n d  abou t  a m i l l i m e t e r  behind the oxygen 

e l e c t r o d e .  The oxygen e l e c t r o d e  was s i m i l a r  t o  the one d e s c r i b e d  i n  

S t i c t i cn  4 . 2 . 1  and the  hydrogen e l e c t r o d e  was a mixed c a t a l y s t  

e l e c t r o d e  a s  d e s c r i b e d  i n  S e c t i o n  4 . 2 . 3 .  The m i x t u r e  was 50 p e r c e n t  

f t ,  50 p e r c e n t  Pd w i t h  a t o t L i l  o f  10 mg/crn2 of  m e t a l l i c  c a t a l y s t .  

I t  w i l l  b e  noted t h a t  t he  room tempera tu re  p o l a r i z a t i o n  

of  t he  hydrogen e l e c t r o d e  i s  somcwhat g r e a t e r  t han  t h a t  f o r  t h e  c o r r e -  

sponding e l e c t r o d e  r e p o r t e d  in S e c t i o n  4 . 2 . 3 .  Some o f  t he  e l e c t r o d e s  

were used i n  a g r e a t  many expe r imen t s  'ind it. h a s  been observed th;\ t  

t h e s e  e l e c t r o d e s  d e t e r i o r a t e  s lowly  w i t h  h a n d l i n g ,  i . e . ,  b e i n g  t aken  

i n  and o u t  o f  a c e l l .  A l l  comparat ive r e s u l t s  shown i n  t h i s  r e p o r t  

a r e  € o r  s e r i e s  o f  expe r imen t s  r u n  w i t h i n  a s  s h o r t  a p e r i o d  a s  p o s s i b l e  

s o  t h a t  all v a r i a b l e s  could be c o n t r o l l e d  a s  a c c u r a t e l y  a s  possible., 

R e p r o d u c e a b i l i t y  i s  u s u a l l y  good between i d e n t i c a l  e x p e r i m e n t s  run 

c l o s e  toge t l ier  i n  time . 
Although these e l e c t r o d e s  d e t e r i o r a t e  g r a d u a l l y  w i t h  

h ; ind l ing ,  t h c r e  i s  good evidence t h a t  they a r e  s t J b l e  w i t h  t i nw,  i f  

t h e y  remain w i t h i n  the c e l l .  

4 . 2 . 3  E f f e c t  o f  Mixed C a t a l y s t s  

For hydrogen e l e c t r o d e s  i t  was determined thd t mixed 

p l ~ i t i n u m - p a l l n d i r i n ~  c a t a l y s t s  a r e  s u p e r i o r  t o  e i t h e r  c a t c t l y s t  a l o n e .  

A s t u d y  was made i n  b h i c h  t h e  r a t i o  o f  p l a t inum t o  pallac-lium w ~ s ' v a r i e d  

s y s t r m a t i c d l i y .  The r e s u l t s  o f  t h c  e l e c t r o d e  p o l a r i z a t i o n  c h ' i r i c t e r i s t i c s  

a r e  shown i n  F i g u r e  7 f o r  t h e  d i s c h a r g e  p r o c e s s  'ind i n  F i g u r e  8 f o r  the 
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cha rge  p r o c e s s .  

t h e  c u r v e s  i n  a1 1 cases  were esserit l .al . ly i d e i - ( t i c a l  t o  tlie ones shown 

liere. 

Tlic p r c s s a r c s  were vasied between 50 and 95 p s i g  b u t  

I t  i s  a p b a r e n t  c h a t  the optimum r : i t i o  o c c ~ i r s  a t  

a b o u t  50 p e r c e n t  p l s t l n ~ m  dnd 5 0  p e r c e n t  pa l l ad ium,  b u t  no e x p l a n a t i o n  

f o r  t h i s  o b s e r v d t i o n  can be advanced a t  t h i s  t i n e .  The re  was,  however,  

one f a c t  no ted  i n  c o n n e c t i o n  with e l e c t r o d e s  p l a t e d  w i t h  t h e  m i x e d  

c a t a l y s t s .  Thcy a r e  v i s i b l y  b l a c k e r  t han  e l e c t r o d e s  w i t h  o n l y  one 

c a t a l y s t  and t h e i r  enhanced a c t i v i t y  may be a s s o c i a t e d  w i t h  the  

m n n e r  i n  which t h e  a c t i v a t i n g  m e t ' i l  p l a t e s  o u t .  Thus,  t h e  c o p l n t i n g  

o f  p a l l a d i u m  a l o n g  w i t h  plat inum migh t  r e s u l t  i n  a f i n e r  p a r t i c l e  s i z e .  

The re  was no c o r r e s p o n d i n g  s e r i e s  o f  expe r imen t s  

Trade w i t h  oxygen e l e c t r o d e s  , but  some o b s e r v a t i o n s  on o v e r - a l l  c e l l  

p o t e n t i a l  (made i n  a c e l l  w i thou t  r e f e r e n c e  e l e c t r o d e s )  would i n d i c a t e  

t ha t  t he  e f f e c t  i s  r : ! iniml.  

The p l a t i n g  i t s e l  E was accomplishec! by the method d e s c r i b e d  

i n  S e c t i o n  4 . 1 ,  b u t  t h e  p l a t i n g  s o l u t i o n  was a m i r t u r e  o f  H2PtC16 a n i  PdC12 .  

The amoiint o f  m e t a l l i c  c a t a l y s t  t o t a l e d  10 mg/cm i n  e v e r y  c a s e  e x c e p t  f o r  2 

L t h e  e l e c t r o d e  with p a l l a d i u m  a l o n e ,  which had 7 . 7  mg/cm . 
4 . 2 . 4  E1ectro:vte  P u r i t y  

The r e a g e n t  grLide KOH u s e d  i n  t h e s e  e x p e r i m e n t s  

ccllitaiL-led elioiig;i car;oi-Lj'le t h z t  3 35 perccat s O : u t i O f i  r,acje f i -un- ,  w ; i t e i -  
- 

f r e e  from C 0 2  h a s  ;;1 CO; c o n c e n t r a t i o n  of  ;tbout 0 .032  M .  C e l l s  w i t h  

the l e a s t  p o l a r i z a t i o n  were ob ta ined  u s i n g  a n  e l e c t r o l y t e  f r e e  from 

c a r b o n a t e .  I n  o r d e r  t o  remove the  c a r b o n a t e  i o n  from the  e l e c t r o l y t e ,  

B a ( O H ) 2  was added ,  which p r e c i p i t a t e d  c a r b o n a t e  a s  B a C 0 3 .  T h i s  was 

a l lowed  t o  s e t t l e  and the s o l u t i o n  was used from the t o p .  I n  o r d e r  

t o  a s c e r t a i n  t h e  e f E c c t  o f  an e x c e s s  o f  e i t h c r  B d  

were performed i n  which vario!is known c o n c e n t r a t i o n s  of B:i o r  CO; 

\ .v rc '  i ~ r c s c n t .  ':'!lc> rL:st!:ts arc S . .~>WI?  ir. Ti?. r .  Te:c s ~ l : . t l o . ~ s  X . L ! ~ - C '  

- U 
o r  c@<,  expe r imen t s  

U 

prepared ::y disc;  . v 7 : : ~  ,,r I J C  !.:Q:: .I I ! ! i s ~ i  ' !  l * > C ,  t i  ;- , I. .i' 

s o l u t i o n s  were t l ien ana lyzed  by t i t c a k i n g  w i t h  H C 1  Lrii-St t u  2 plietiulph- 

t l i a l e i n  end  p o i n t  and t? ien t o  a me thy l  orange end p o i n t .  The f i r s t  e n d  

33 10-F i n a  1 2 1  
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p o i n t  i n d i c a t e s  the t i t r a t i o n  o f  hydroxy l  and b i c a r b o n a t e  and t h e  l a t t e r  

t h e  t i t r a t i o n  of  c a r b o n a t e .  The a p p r o p r i a t e  nnount o f  e i t h e r  K CO 

o r  Bn(OI!) was t h e n  a d d e d  t o  o b t  i i n  t h e  d r . s i r cd  s o l u t i o n .  
2 3  

T h e  experiments  were r u n  s c v e r a l  t i m e s ,  and a l t h o u g h  . 
t h e  c u r v e s  o f  F i g .  9 a r e  the n o s t  ne,ir ly t y p i c a l  oE ,iny s e t  oi 

expe r  imcn t s , f n c  t o r  s o t h e r  than c ?cc t r o  I y t e  p u r i t y  i n [  l uence  r ep roduce  - 
a h i l i t y  w i t h  t h e  r e s u l t  t h a t  only J iew r e a l  c o n c l u s i o n s  can  be  drawn. 

The f o l l o w i n g  c o n c l u s i o n s  for  the  d i s c h a r g e  p r o c e s s  cdn be drawn: 

1. High c o n c e n t r a t i o n s  o f  ca rbo iu  te ion  a l w a y s  

c'luse a c o n s i d e r a b l e  i n c r e a s e  i n  p o l a r i z a t i o n  

il t the hydrogen e l e c t r o d e .  

2 .  Fo r  t h e  hydrogen e l e c t r o d e  t h e r e  i s  no c o n s i s t e n t  

d i f f e r e n c e  between 0 .29  M Ba , 0 .032  M Ea , and 

0.032 M CO;, bu t  t he  "pure" e l e c t r o l y t e  is g e n e r d l l y  

d l i t t l e  b e t t e r .  

U U 

I 

3 .  For t h e  oxygen e l e c t r o d e  0 . 6 4  M CO3 a lways  c a u s e s  
tt 

t h e  g r e a t e s t  i n c r e a s e ,  fol lowed by 0.29 P1 Ba . 
4 .  I n  t h e  c u r r e n t  d e n s i t y  range o f  a b o u t  60 t o  

2 100 ma/cm , t he  oxygen e l e c t r o d e  c o n s i s t e n t l y  

o p e r a t e s  b e s t  w i th  d s l i g h t  e x c e s s  o f  barium i o n ,  

dnd the s l o p e  of t h e  cu rve  i n  t h i s  r e g i o n  i s  

u n e x p i d i n a b i y  s m ' i i i .  

4 . 2 . 5  E l e c t r o l y t e  C o n c e n t r a t i o n  Dependence 

Nuine rous  a t t e m p t s  t o  reprlldrice some p r e v i o u s  resul ts  

on the  e f f e c t  o f  KOH e l e c t r o l y t e  dependence on c e l l  p o 1 a r i z ; i t i u n  have 

) , r:!r , ; l y l  i , . r  r' . ; . I '  t:; -!I-< ., , , \ ; . I  i .  
. .  F i g .  (0. Sone ~ . e a c u r ~ . s :  1): t.,;;t ,,::):-I, ! : x r : >  : ~ ~ - o i ;  . : e ! - ] . .  7. , ( . I ,  ' I ! , ' (  t ' . , .  

c e l l  p o l a r i z a t i o n  a t  h igh  c u r r e n t  d e n s i t i e s  w i t h  10 p e r c e n t  KOH 

s o l u t i o n s  have n o t  been observed s i n c e  the  o r i g i n a l  work. More r e c e n t  

e x p e r i m e n t s  were made w i t h  A c e l l  c o n t a i n i n g  r e f e r e n c e  e l e c t r o d e s  

whereas  t h e  former experiments  d i d  no t  i n c o r p o r a t e  t h i s  f e a t u r e .  

3310-Final  2 3  
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F i g u r e  11 shows t h e  2 -e su l t s  of a ser ies  of mcasurements 

o f  c l . ec t rode  p o l - n r i z a t i o n s  fo r  10 p e r c e n t ,  35 p e r c c n t ,  and 55 p e r c e n t  

l<oI+, Yhc p o l . a r i z a t i o n s  a r e  y n e r a l l y  somewhat h i g h e r  t h a n  u s u a l  , due i n  

p a r t  t o  t h e  f a c t  t h a t  t h e  e l e c t r o l y t e  lind n o t  b e e n  t r e a t e d  w i t h  Ra(OI1) 3' 
and i n  p a r t  because tiie e l e c t r o d e s  had becn used i n  many p r e v i o u s  

expe r imen t s .  I t  was found t h a t  t h e  shape  of t h e  oxygen e l e c t r o d e  p o l a r i -  

z a t i o n  c u r v e  a t  55 p e r c e n t  KOII,  (and t h e r e f o r e  t h e  shape o f  t h e  t o t a l  

ce1.1 p o l a r i z a t i o n  c u r v e  s i n c e  t h e  hydrogen c u r v e  i s  approx ima te ly  

1 i n e a r ) ,  t ias v e r y  s imi l . a r  t o  tlie c e l l  p o l a r i z a t i o n  c u r v e  r e p o r t e d  

p r e v i o u s l y .  These r e s u l t s  were usual . ly ,  b u t  n o t  a lways ,  founrl. With 

10 p e r c e n t  KOH s o l u t i o n  on e i t l i e r  c h a r g e  o r  d i s c h a r g e ,  tlie p o l a r i z a t i o n s  

were i n v a r i a b l y  q u i t e  hi$.  

The importance of s t u t l i c s  c o n c e r n i n g  t h e  e i f e c t  of 

e l e c t r o l y t e  c o n c e n t r a t i o n  on c e l l  p e r l o r n a n c e  l i e s  i n  t h e  f a c t  t1i;it a 

r e c h a r g e a b l e  hydrogen-oxygen fuel. c e l l  iwis t  o p e r a t e  o v e r  a wide 

c o n c e n t r a t i o n  range. hlore e l e c t r o l y t e  cnn be s t o r e d  i n  3 g i v e n  vo lune  i f  

t h e  c o n c e n t r a t i o n  i s  lower ,  nnd t h e  f r a c t i o n  of e l - e c t r o l y t e  which i s  

u s a b l e  w a t e r  i s  g r e a t c r ;  h u t  o t h e r  c o n s i d e r a t i o n s ,  such a s  cell. performance,  

nay  d i c t a t e  h i g h e r  i n i t i a l  c o n c e n t r a t i o n s .  From tlie s t a n d p o i n t  01 

p o l a r i z a t i o n  c o n s i d e r a t i o n s ,  it would .Ippear t l i a t  t h e  optinum coiiccn- 

t r a t i o n  range would be Crom about 35 p e r c e n t  1;OM ti) tlie s a t u r a t i o n  

p o i n t .  

[ I .  2.6 R a d i o a c t i v e  E l e c t r o d e s  

Four  s i n t e r e d  s i l v e r  e l e c t r o d e s ,  rmlc from 100-200 

nesli s i l . v e r  powder and containin:; a s i l v e r  s c r e e n  f o r  s t r e n g t h ,  w r e  

made up f o r  e v a l u a t i n g  radio; ic t ive e l e c t r o d e s  f o r  oxygen. Three  were 

s e n t  t o  Yardney E l e c t r i c  Company where t x o  of  t hwi  were d o , , e d  w i t h  

Po , a n  a n i i t t c r .  The  t!iii*d was doped wit'ti Pm147,  n p wii t te r .  

T h e  f o u r t h  e l e c t r o d e  tias s.rvcd l o r  ti c o n t r o l ,  A l l  foul: were t e s t e d  

as oxygen e l e c t r o d e s  i n  a hydrol;eil-osygeii c e l l  a t  room t e n p e r n t u r e  

and a t  7OoC. Mo d e f i n i t e  c o r r e l a t i o n  between r a d i o a c t i v i t y  and ' 

e l e c t r o d e  p o l a r i z a t i o n  t7as c1cmonstr:itcd. Thc r e s u l t s  :ire shown in 
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F i g s .  1 2  and 13 ,  t o g e t h e r  w i t h  one 01 o u r  p r e s e n t l y  used p l a t i n u m  

b1,Iclied e l  c c t r o d e s  Lor conpa r i son .  

I n  Fi::s. 12 a n d  1 3 ,  t h e  e l e c t r o d e  d e s i g n a t i o n s  ,ire as 

f o l l  ows : 
147 

210 

210 

S I - 1  S i n t e r e d  s i l v c i - ,  doped w i t ’ i  P n  

S I -2  S i n t e r e d  s i l v e r ,  doped w i t h  Po  

S I - 3  S i n t e r e d  s i l v e r ,  doped w i t h  P o  

S I - 6  S i n t e r e d  s i l v e r ,  t i* idoped  

X - I ?  Po rous  n i c k e l ,  plnt iviun cst.i1y;:ed ( 1 5  ng/cni)  
3 

4 . 3  E l e c t r o l y t e  S torLiRr  

A c e l l  1 . d ~  designed .iud cons t r i i c t ed  f o r  c a p a c i t y  e x p e r i m e n t s .  

A n a l y s i s  of  the ene rgy  storage/wr i s h t  c a p a b i l i t i e s  of the hydrogm - 
oxygen system q u i c k l y  r e v e a l s  t h a t  t h i s  r a t i o  w i l l  be l i m i t e d  more 

by the amount of s t o r e d  e l e c t r o l y t e  than by t h e  i v e i g h t  of  the gas 

s t o r ~ g c  c y l i n d e r s .  I n  a l l  p r i o r  c e l l s  s t u d i e d  i n  t h i s  l abor ‘ i to ry ,  

t h e  o n l y  e l e c t r o l y t e  s t o r a g e  w L i s  between t h e  e l e c t r o d e s .  The 11cw 

c e l l ,  shown i n  F i g u r e  ] I t ,  w3s designed t o  a l l o t ,  e l e c t r o l y t e  storclge 

behind the  e l e c t r o d e % .  I t  W A S  p o s t u l ~ t e d  t l l ‘ i t  t h e  e l e c t r o l y t e  could 

be moved i n t o  and n u t  of t h i s  r e g i o n  by d i f f u s i o n L i l  f o r c e s ,  The g a s  

f o r  each e l e c t r o d e  was broright u p  through a h o l e  i n  t h e  e l e c t r o l y t e  

s t o r ‘ i g e  bed t o  ‘i s c r e e n  immediately behind t h e  e l e c t r o d e .  The g a s  

p o r t  s i e c v e s  s e r v e  a t r i p i e  f r inc t ion .  i h e y  c l i i o w  gas  p a s s a g e  lip t o  

t h e  n i c k e l  s c r e e n ,  where the g a s  i s  thcn d i s p e r s e ( ’  ac ro :h  the c n t i r e  

back o f  the e l e c t r o d e ,  t hey  make e l e c t r i c a l  c o n t a c t  t o  the  elc2ctrc>de, 

d n d  t hey  de te rmine  the  spacing ( a t  l e < t s t  a t  tLo p o i n t s )  between the 

e l e c t r o d e s .  

-. 

The s t o r a g e  behind the hydrogen e l e c t r o d e  was made twice 

a s  much a s  t h a t  behind the oxygen e l e c t r o d e  because a c o n s i d e r d t i o n  

of the  i n d i v i d u a l  e l e c t r o d e  recict ions shows t h a t  twice d s  much wdtc r  

I S  consrimed o r  produced ( f o r  the cha rge  o r  d i s c h a r g e  p r o c e s s ,  

( r e s p e c t i v e l y )  L*t the  hydrogen e l e c t r o d e  L ~ s  . i t  t he  oxygen e l t c t rudcb .  

These e l e c t r o d e  r e a c t i o n s  a r e :  

27 
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d i s ch,i rRe 
H2 + 2 OH- ‘ 2 H ~ O +  2e- 

ch.irge 

d i. s c ha rRe 

cha rge  
and 2e- + 1 / 2  o2 + H ~ O  2 OH- 

Results o f  t h e s e  experiments  a r e  shown i n  F i g u r e s  15 and 16 .  

The ciirves i n  the two f i g u r e s  a r e  d e s c r i b e d  i n  Tzb le  11. I t  shoi:ld be 

no ted  t h d t  c i i rves  D \ ind  E :ire t l i s con t i  nl io l ls .  .4t  t h e  lower currf’nt  

d c n s i t i c s ,  more than one d a y  w.is rtJqliiretf fo r  d i . s cha rge  and i t  was 

c o n s i d e r e d  rtnsafc t o  l e a v e  the c e l l s  on disc,l iarge w i t t i n k i t  spmeone i n  

a t tencl . incc.  T h i s  i s  becal ise  the ncitiirc of t l  e cons t ; i n t - cc i r r en t  ]lower 

supp ly  i s  such t h a t  i f  t h c  c e l l  shnuld f a i l  ( i  . e .  ) be unable  t o  

m a i n t a i n  a p o s i t i v c  p o t e n t i a l )  t he  power s u p p l y  w i l l  cha rge  the  c e l l  

i n  r e v e r s e ,  producing hydrogen on  the  oxygen s i d e  and v i c e  v e r s a .  

A11 o t h e r  di .scharge runs  were cc?nt inuous,  a s  were  a l l  o f  t h e  t-h.irges. 

The d i s c h a r g e  p r e s s u r e  was 90 psi.g. When the  c e l l s  were r h a r g e d ,  

they were vented t o  thc atmospherc.  T h i s  procedure p reven ted  t h e r m 1  

recombina t ion  by g a s  d i f f u s i o n .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h ( i t  the  l i m i t  o f  s o l u b i l i t y  o f  

KOH i n  w a t e r  a t  30 C ( t h e  e s t imn ted  t empera tu re  w i t h i n  thc  c e l l )  i s  

r eached  when approxima t c l y  54 p e r c e n t  of  t he  w a t e r  has  been rcmo-Jcd, 

assuming KUtt docs n o t  form ;I s u p e r - s a t u r a t e d  s o i u t i o n .  B u t  i n  <I 

c h a r g i n g  opera t i o n )  i t  can be seen t h a t  p r e c i  pi  t a  t i o n  of  KOH w i t h  in  

the c e l l  does n o t  a d v e r s e l y  a f f e c t  e l e c t r o d e  overvol  t a g c s .  

0 

- -  - * -  

Experiments  were conducted t o  t e s t  the f e a s i b i l i t y  o f  p i c k i n g  

up e l e c t r o l y t e  from the back s u r f a c e  o f  t h e  e l e c t r o d e s .  F ive  h o l e s ,  

e a c h  a b o u t  3/16-inch i n  d i a m e t e r ,  were c u t  i n  the  n i c k e l  s c r e e n s  

behind the e l e c t r o d e s  and f i l l e d  w i t h  a s b e s t o s .  The resu l t s  a r e  

shown i n  c u r v e s  D and F .  I t  w i l l  be no ted  t h a t  D i s  a r e a l  improve- 

ment o v e r  E and a l s o  t h a t  curve F (a room tempera tu re  experiment)  ) 

was s l i g h t l y  b e t t e r  t han  G (J 7C C e x p e r i m e n t ) .  
0 

The r e s t i l t s  o f  t he  expe r imen t s  show unequ iv ica  l l y  t.ha t t he  

e l e c t r o l y t e  s t o r e d  i n  the rcagion behind thc. e l e c t r o c i e s  i s  d v a i l a b l e ,  
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PERCENT OF TOTAL WATER 

CAPACITY (amp hrs/gm of electrolyte) 

F :G. 16 DJSClI . \R(;F (;,\PAC LTY, 7U"C 



E x p .  N o .  

60  

63 

6 4  

60 

57 

6 3  

6 4  

64a 

6 6  

6 6  

DESCRTPTION OF 

Charat? or Disch'irge 

Cha rgt' 
I t  

I 1  

Discha rge  
I I  

II 

II 

I t  

1 1  

ChLrrgc 

TABLE I1 

CI'RVFS FOR FTGVRFS 15 .4NO 1 6  
F ina  1 

E ?ec t r o  11, t e  % H 2 0  
Terrperatrirc C * t r r e n t  D e n s i t y  C o n c c r t r  3 t i o n  consumed 

Room temp.  2 5  ma/cm 54 7, 7 7  
20 m a / m  2 5 4  7, 

25 ma/cm* 5/t x 7 7  

2 

II 11 

77 
11  I I  

I I  I I  2 20 ma/cm 

20 m a l m 2  

41, mcl/crn 

7L°C 40 na/cm 

Room teyyp. 40 majcrn2 

7b°C 40 ina/cm 2 

Room te irip . 38 ma/cm* 

I t  I 1  

I I  2 

2 

I I  

- I -. 

* 
Modified s c r e e n s  behind the e l e c t r o d e s .  

NOTE: T h e  o r i g i n a l  e l e c t r o l y t e  was 35 p e r c e n t  KOH i n  all.  c a s e s  f o r  t h e  

c h a r g i n g  o p e r a t i o n s .  T h e  final c o n c e n t r a t i o n s  f o r  t h e  d i sc l i a rgc  

expe r imen t s  are  iinkno.cm s i n c e  t h e  e x t e n t  of t h e r m a l  r ecombina t ion  

i s  n o t  known. 

33 10 -Fi na 1 34 



a t  l e a s t  t o  some e x t e n t ,  f o r  use i n  the c e l l .  The  t o t a l  we igh t  o f  

35 p e r c e n t  KOII s o l u t i o n  i n  the c e l l s  was 6 . 2  P. The t o t 3 1  c'mount 

o f  e l e c t r o l y t e  s t o r e d  i n  the c e l l ,  e x c l u s i v e  o f  t h a t  behind t h e  

e l e c t r o d e s ,  i s  enough f o r  on ly  a b o u t  3.4 amp-hrs .  BY m u l t i p l y i n g  

anlp-hours  p e r  gram i n  F i g u r e s  15 and 16 by 6 . 2 ,  i t  i s  Seen t h a t  a l l  

crirves exceed 3 . 4  amp-hrs.  

I t  nlight Seem unreasondble  thil t a t  the h i g h e r  temperat ' i re  

g rea te r  c a p a c i t y  was n o t  r e a l i z e d .  

p r e v i o u s l y  charged t o  a b o u t  9 . 3  amp-hrs ,  a t  which p o i n t  t h e  e l e c t r o l y t e  

bed i s  v e r y  d r y .  The i n i t i a l  phase o f  d i s c h a r g i n g  t h e  c e l l  a t  room 

te:npera t u r e  i s  always s l i g h t l y  u n s t a b l e ,  b u t  when d i s c h a r g i n g  a t  7 O o C ,  

t h e r e  i s  ii p e r i o d  o f  more than h a l f  a n  hour  when i t  i s  h i g h l y  u n s t a b l e  

nnd i t  i s  d i f f i c u l t  t o  m a i n t a i n  e q u a l  gas  p r e s s u r e s  a t  t he  two 

e l e c c r o d e s .  I t  i s  e v i d e n t  t h d t  under t h e s e  c o n d i t i o n s ,  t h e r e  i s  

c o n s i d e r a b l e  g a s  d i f f u s i o n  and mixing and on the h i g h l y  a c t i v e  

e l e c t r o d e  s u r f a c e s  t h e r e  i s  c c n s i d e r a b l e  recombi.na t i o n .  

p r o c e s s  i s  more r a p i d  and the r e s lL l t s  show t h a t  a n y  enhanced e l e c t r l l l y t e  

d i f f m i s i o n  i n t o  the s t o r a g e  bed a t  7(.'- 'C i s  a t  l e a s t  o f f s e t  by g r e a t e r  

I n  e v e r y  c a s e  the  c e l l s  were 

A t  7 0 ° C ,  t h i s  

I ' i :  !?e;l-:.- 7.1 
9 .  t l irrmal recoinbina t i o n .  1': , ' :. . c ! :;t, 1 '? s , _I '. 1 1 '  

. .  
> I "  ,1r L I i  

, ,. . 7 . .  
( - 1  1 '  , 

a n  adequa te  s o l u t i o n  t o  tile 23s d i i - f u s i o n  problcr.1 i s  f o u ~ i d .  

0.4. Charge I t e t en t ion  S t u d i e s  

S i n c e  cha rge  r c t c i i t i o n  i s  de temi incd  I)y tile rctte oLr ,';IS 

d i f f u s i o n  through t h e  e l e c t r o l y t e  bed ,  a n  experiment  xqas conducted t o  

measure gas d i f f u s i o n  r a t e s  t1irou;:li t h e  e l e c t r o l y t e  he ld  i n  an a s b e s t o s  

n a t r i x .  Flethocls used previous1.y t o  xwasure Gas d i f f u s i o n  r a t e s  f o r  

i na t e r i ; i l s  such as  p l a s t i c  f i l m s  o r  menibranes were not  nppI.icnble t o  t h i s  

problem s i n c e  e q u a l  t o t a l  p r e s s u r e s  n u s t  be r.iaiutailied a t  b o t h  s i d c s  

0.F t h e  d i f T u s i o n  b a r r i e r .  Flcthods used . lor meastiring g;ls d i l f u s i o n  

tllrougii p u r e  l i q u i d s  a l s o  d o  not: a p p l y  s i n c e  tile e l e c t r o l y t e  mat1-i:; 

i s  mechan icn l ly  q u i t e  d i f f e r e n t  i r o n  n s i m p l e  l i q u i d  f i l m .  
m ilie c o n c l u s i o n s  d r a m  f r o ~ n  t h e  expe r imen t s  r e p o r t e d  i-n tI1is 

s e c t i o n  a r e  t e n t . i t i v e  s i n c e  tile niethod cniployetl i.s new and socic problems 
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a s s o c i a t e d  w i t h  it s t i l l  t o  be resol.ved. In a modi f ied  p r o c e d u r e ,  

which i s  p r e s e n t l y  b e i n g  e v a l u a t e d ,  botli s i d e s  n r e  p r e s s u r i z e d  cind 

a slow s t r e a n  of oxycen i s  nnint. i i .ned -11 t h c 3  oxySr-.n s i d e .  T h i s  oxyzeu' 

s t r e a m  passes  f i r s t  th rough a s i l i c i t  g c l  d r y i n g  t u b e ,  t h e n  through a 

long  t u b e  i n  n mufi1.e Luixiacc packed w i t h  C 0 a t  9OO0C, and t:ien i n t o  

a weighing tulle paclced w i t h  si l . ica z e l .  

Tlie e:;perir.ieut was d c s i p e d  so t!int ( 1  p r e s s u r e  b a l a n c e  t o  

w i t h i n  about  0.015 p s i  would be r . iaintained d u r i n g  t h e  c o u r s e  of a 

d e t e r m i n a t i o n .  The p r i n c i p l e  i s  hased  on t h e  assumpt ion  t!iat hydrogen 

d i f f u s i o n  r n t c s  w i l l  be g r e a t e r  t h a n  t l i o sc  of e i t h e r  oxygen o r  n i t r o g e n .  

A d i f f u s i o n  c e l l  w a s  f i r s t  s e t  up w i t h  hydrogen on one s i d e  a n d  n i t r o g e n  

on t h e  o t l i c r  ( see  Fi::. 17). The d i f f e r e n c e  i n  d i f f u s i o n  r'ites f o r  

t h e s e  two p s e s  w a s  ineasured by  n o t i n g  t h e  volume i n c r e a s e  on tlie 

n i t r o g e n  s i d e  .is a Euiiction o f  t i m e .  T!ic r e a d i n g  was m d e  i n  a h o r i -  

z o n t a l  cap i !  lai-)I t u b e  conta i i i inz  mercury f o r  t h e  i n d i c a t i n g  l i q u i d .  

Tlie mercury was con ta ined  i n  ;I nanometer w i t 1 1  n l a r g e  d i a m e t e r  v e r t i c a l  

a r m  and a s m a l l  d i ame te r  ( I n d i c a t i n g )  h o r i z o n t x l  arm. S i n c e  t h e s e  

nieusurements gave c n l y  t l i e  d i  iferc 'nce i n  d i f f u s i o n  r a t e s ,  a t the 

c o n c l u s i o n  o f  e a c h  u f  t h e s e  cxperii,ir,rits  lie g a s  i n  the  n i t r cgc ,n  

s ide  was t o  be ana lyzed  for-  hyclrcgen by the c u p r i c  o x i d e  o x i d a t i o n  

niethod. T h i s  was the recison f o r  measur ing  liydrogen v s  n i t r o g e n .  

Fiurrbpr e.u.:)erip!efitc: 0 f oxygcn  vs n i  trogvn K O I I  1 ri t h t ? n  a 11 ow c,i 1 c i i l  , I  t i  o n  

o f  t h e  oxygeii r a t e  . 
The r e s u l t s  o f  the d i f f u s i o n  expel-i inents i n d i c a t e d  ~ h . .  t tinder 

some c o n d i t i o n s ,  d i f f u s i o n  r a t e s  a r e  a c c e p t a b l e  b u t  w i t h  il r e l a t i v e l y  

d r y  L t s b e s t o s  bed they  a r e  q u i t e  h i g h .  Measurements were nude o n l y  o n  

c e l l s  which were f u l l y  d i s c h a r g e d ,  b u t  d i f f e r e n t  amounts of  e l e c t r o l y t e  

were u s e d .  

The d e s i g n  o f  t h e  a p p a r a t u s  was such  h i t  i t  i s  ex t r eme ly  

s e n s i t i v e  t o  volume changes i n  e i t h e r  arm. F o r  t h i s  r e a s o n ,  i t  was 

nccess;i r y  t o  iiukc> c a r e f u l  measurements o €  the  b:ickground i c a k  rtite 

b e t o r e  ~3:ic.h (!if f ~ s i e n  !!!c?asurt:wi?t. T h i s  was c!(>iic by c ! ~ l s i n g  tun 

on-of f  v a l v e s  on e i t h e r  s i d e  of the  c e l l .  The l e d k  r < i t c  W J S  a l m o s t  
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TABLE I11 

LIST OF GAS D I F F U S I O N  APPARATUS SIIOWN I N  FIG. 1 7  

N e t c r i n g  v a l v e  

Shut -of  f v a l v e  

Oxygen v a l v e  

On-off v a l v e  f o r  d i f i u s i o r i  c c l l  

On-off v a l v e  €or d i f  i u s i o n  c e l l  

Shut - o f f  v a l v e  

Hydrogen v a l v e  

v1 

v2 

v3 

v5 

v6 

v7  

4 

T1 

T 2  

Oxygen t ank  

Hydrogen Tank 

Oxygen p r c s s u r e  gage 

Hydrogen pressure ::age 

G1 

G 2  
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always sma l l  compared to  the r a t e  o f  d i f f u s i o n  through the  c e l l ,  b u t  

t h e  main d i f f i c i L l t y  k i t h  t h e  device was t h a t  t h e  l e a k  r a t e  was n o t  

c o n s t a n t  b u t  v a r i e d  K i t h  the  amount of f o r e i g n  gas (mos t ly  hydrogen) 

i n  a g iven  arm o f  the  s y s t e m .  By making a s e r i e s  o f  mcasurenients 

on the  d i f f u s i o n  r a t e s  and c x t r a p o l a  t i n g  t o  z e r o  t i m e ,  t h e  measured 

d i f f u s i o n  r a t e  c,tn be  compared d i r e c t l y  w i t h  t h e  b l a n k  ( i  . e . ,  t he  

l e a k  r a t e ) .  T h i s  prclceciure i s  s a t i s f a c t o r y  f o r  measu r ing  the  

d i € f e r e n c e  i n  d i f f u s i o n  r a t e s ,  b u t  does  n o t  a l l o w  a v a l i d  measurement 

o f  t he  hydrogen d i f f u s i o n  r a t e  by the  copper  o x i d e  method. T h i s  i s  

because the l e a k  r a t e  i n  t h e  n i t r o g e n  arm i s  v a r i a b l e  and unknown, 

a s  i t  depends upon the  amount o f  hydrogen d i f f u s e d  d u r i n g  the c o u r s e  

o f  iln expe r imen t .  The l e a k  r a t e  was such  t h a t  the sys t em l o s t  

p r e s s u r e  a t  t h e  r a t e  o f  a b o u t  0 . 1  p s i / h r  a t  60 p s i g .  

a p p r o x i m a t c ~ l y  4(J j o i n t s  i n  tlie s y s t e r n ,  which i s  ma(!e up o f  nylon 

t i i b ing ,  iintl  t h e  l ( Jg ica1  s o l u t i o n  w o u l d  be t o  u s e  an a l l  q1; tss  systern 

50 f i ir  3 s  p ~ ~ s s i b l t . .  

There  a r e  

The resu l t s  o f  t h e  measurements a r e  sumnlarjzed i n  T a b l e s  T V ,  

V ,  Rnd V I ,  I n  t h e  T a b l e s ,  2 i s  the  d i s t a n c e  t h e  niercury column i n  

the  manometer t r a v e l s  i n  c e n t i m e t e r s  and i s  the d i s t a n c e  i t  t r a v e l s  

when valves  V 4  and V 5  ( F i g u r e  17)  a r e  c l o s e d  so t h . i t  t h e  c e l l  i s  o u t  

of  t h e  sys t em.  T h i s  then i.s the  bl,jiik, o r  l e a k  r a t e .  Experiments  t w o  

through s i x  a r e  n o t  r e p o r t e d  a s  t he  system was n o t  f i u s h e t i  o u t  hc-tween 

r u n s  and t h e  measurements were nc t cempsrab le .  

In Table V I 1  a r e  sbown the c a l c u l a t e d  v a l u e s  o f  t h e  d i f f u s i o n  

r a t e s  and d i f f u s i o n  c o e f f i c i e n t s .  From Graham's 1 . a ~ :  

d C  DA - dn 
d t  d X  
- =  ( 3 )  

tl n 
d t  

wherc - i s  t h e  d i f f u s i o n  r a t e ,  c , i l led R i n  T a b l e  V ,  D i h  t h e  ( ? i f f u s i o n  

c o e f E i c i e n t ,  c i s  the  c o n c e n t r a t i o n  o f  d i f f u s i n g  g ~ s ,  ,ind x i s  t h e  

d i s t c i n c e  through the  d i f f u s i o n  b a r r i e r .  The q u a n t i t y  - i s  the concen-  

t r a t i o n  g r a d i e n t  and w i l l  b e  c o n s i i e r e d  c o n s t a n t  w i t h  t ime fo r  t h e s e  

c a l c u l a t i o n s .  Because o f  the s h o r t  time i n t e r v a l  o f  t he  expe r imen t s  

d c 
r'x 
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TABLE IV 

2 DIFFUSION EXPERI?!ENTS, H2 ~,~~ 0 

M a t r i x  ( . 3 3  gm KOH per 1 gm asbestos)  

P r e s s u r e  
Exp. No. P s i g  t ,  mins. GI, cm C J g  , cm 

d. 0 

001 

0 . 7  

1 . 5  

1 20 0 0 .0  

5 1 . 4  

10 4 . 8  

15 7 .O 

0 0 . 0  

5 3 .4  

10 4.7 

1 5  8 . 7  

0 . 0  

1 . 4  

2 . 3  

3 . 7  

7 20 

0 0 . 0  

5 9 . 2  

0 . 0  

0 . 7  

8 40 

10 

15 

16 .2  

2 4 . 2  

1 . 6  

4 . 7  

0 

5 

10 

15 

0 . 0  

7 . 8  

14.3 

18.8 

0 . 0  

4 . 0  

7 . o  
8 . 7  

9 60 

0 . 0  

1 0 . 3  

1 7 . 9  

25.7 

0 . 0  

1 ..3 

2 .9  

3 . 7  

10 a0 0 

5 

10 

1 5  

0 . 0  

1 . 4  

2 . 9  

4 . 0  

11 100 0 

5 

10 

1 5  

0 . 0  

3 . 5  

7 . o  
1 0 . 2  
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TABLE V 

DIFFUSION EXPERIMENTS, H vs O2 
2 

X a t r l x  ( . 6 8  gnl K9H p e r  1 gm a s b e s t o s )  

Exp.  P r e s s .  Exp.  Press.  
No. Ps ig  t ,  mins .  p\!, c m  C J B ,  c m  No. p s i g  t, mins. P I ,  c m  

19 2 0  0 

2 

4 

6 

8 

16 

1 5  

20 20 0 

2 

4 

6 

8 

10 

15 

21  60 0 

2 

4 

6 

8 

10 

15 

3310-Final  

0 .o 
0 .4  

0 . 9  

1 . 2  

2 . 1  

2 . 1. 
2 . 7  

0 . 0  

0 . 6  

0 . 9  

1 . 3  

1 . 3  

1 . 3  

2 . 7  

0 . 0  

0 . 2  

0.6 

1.1 

1.2 

1 . 5  

2 .1  
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TABLE V I  

2 DIFFUSION EXPERIMENTS, H v s  N 
2 

E x p .  I’ress. 
No. Psig t , mins . t r ,  Clll c’B,  cm 

Matr ix  ( .33 gm KOH per 1 

13  20 0 

5 

10 

1 5  

30 

0 

5 

10 

1 5  

30 

14 20 

gm a s b e s t o s )  

0 . 0  

1 2 . 3  

20 .3  

29 .3  

4 0 . 8  

0 . 0  

9 . 0  

19 .4  

28 .0  

3 6 . 7  

M a t r i x  ( . 6 8  p KO11 p e r  1 gm asbes tos)  

1 7  20 0 c, .o 
5 5 .0  

10 9 .!I 

15 14 .0 

30 23 .4  

0 0 .O 

5 5 . 1  

10 9 . 9  

15 1 4 . 1  

30 1 8 . 6  

18 20 

33 10-Fina 1 42 

0 . 0  

1 . o  
3 . 3  

4 . 3  

0 . 0  

1 . 0  

1 . 8  

2 . 8  . 

0 .O 

1 .0  

2 . 4  

3 . 3  

0 . 0  

1 . 2  

1 . 7  

2 . 7  



I 
I 
1 
I 
I 
I 
I 
I 
1 
I 
I 
I 
8 
I 
I 
8 
8 
I 
II 

TABLE V I 1  

DIFFUSION COEFFICIENTS AND DIFFUSION RATES FOR 

IIYDK('(TF.N, OXY(:F:N,  AND NI'I'KOGEN 

1 20 

7 20 

8 40 

9 60 

10 80 

11 100 

19 20 

20 20 

2 1  60 

22 60 

23 100 

24 100 

13 20 

14 20 

17 20 

18 20 

5.5 

5.0 

19.5 

1 0 . 1  

22.0 

6.2 

1 . 2  

(1.4 

-0.3 

0 . 3  

1.4 

4.5 

25.0 

25.2 

10.7 

1: .4 

4.8 

4.3 
16.9 

8.8 

19.1 

5.4 
1 .o 
0 .4 
- 

0 . 3  

1 . 2  

3.9 

21.6 

21.8 

9 . 3  

9 .? 

2.4 

2.2 

8.5 

4.4 
9.5 

2.7 

0.5 

002  

0.2 

0.6 

220 

10.8" 

10.9* 

4.7* 
c rb* 
2.u 

9.4 

8.6 
51 .0 

36.2 

99.6 

34 .0 
2.0 

0.7 
- 

1.1 

7.7 
24.6 

42.8 

43.1 

18.3 

1 9 . 5  

4.7 
4.3 

25.5 

18.1 

49.8 

1 7  .0 

1 . o  
0.3 
- 

0.5 

3.8 

12.3 

21.4" 

21.6" 

9.29' 

9 .E!* 

* 
These v a l u e s  r e f e r  t o  n i t r o g e n .  
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* 

a n d  consequent  s m a l l  b u l l a  up *) t  f o r e i g n  gds i n  e i t h e r  arm, i t  is  

s u f f i c i e n t  t o  c o n s i d e r  o n l y  the L q u a n t i t i e s  and f u r t h e r  t o  assume 

. 'c  = C ,  t h e  c o n c e n t r a t i o n  of a g i v e n  gas d t  i t s  h i g h  p r e s s u r e  s i d e .  

, Thcn CX i s  the  t h i c k n e s s  o f  the e l e c t r o l y t e  b e d ,  o r  O . ( J 7 4 5  cn.  

I f  R has  u n i t s  o f  i no le s / sec ,  .i h a s  u n i t s  o f  crti2, 2K i s  

c a l c u l a t e d  from the  d a t a  o f  T a b l c s  I V ,  V, and VI from the r e l a t i o n  - 
torr 

0.C154 C ' !  

2 t  L a =  ( 4 )  

where t R  = RII - RX2 ( X 2  i s  e i t h e r  02 o r  N 2 )  and iJcorr = I?. - 2 
The t i m e  o f  t h e  expe r imen t ,  t ,  i s  i n  s e c o n d s ,  t h e  f a c t o r  0.0154 i s  t he  

c r o s s  s e c t i o n a l  a r e a  o f  t he  1.4 rnm I D  c a p i l l a r y  tube and the  f a c t o r  2 

i s  p u t  i.n because o f  t h e  n a t u r e  o f  t h e  expe r imen t .  I f  a small volume 

,> f  g a s ,  i ' V ,  d i f f u s e s  from one s ide  t o  t h e  o t h e r ,  then the  movement i n  

t h e  c a p i l l a r y  w i l l  be 2 A V  s i n c e  :V i s  tdken from one s i d e  and added to 

the o t h e r .  

The val t ies  f o r  the i n d i v i d u a l  R ' s  m u s t  r e s t  u p o n  some 

a s s u m p t i o n s ,  inasmuch as hydrogen r a t e s  coiild n o t  be measured d i r e c t l y ,  

a s  noted above.  One assumption which might  be made i s  t h a t  these 

d i f f u s i o n a l  p r o c e s s e s  may resemble t h e  d i f f u s i o n  of one gas  w i t h i n  

a n o t h e r ,  and t h e r e b y ,  by Grahdni's law,  t h e  d i f f u s i . o n  c o e f f i c i e n t s  o f  

two g a s e s  would be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  squa re  r o o t s  o f  t h e i r  

m o l e c u l a r  wei.ghts.  T h i s  h a s  bcen a p p r o x i m a t e l y  born ol.it j n  measure- 

ments o f  d i f f u s i o n  c o e f f i c i e n t s  o f  n i t r o g e n  and a r g o n  i n  pure w a t e r  

( R e f .  4 )  . However, i n  measurements on hytlrogen and n i t r o g e n  i n  

w a t e r  (Ref .  5)  and on oxygen i n  water ( R e f .  6 )  i s  found t h a t  f o r  

a g i v e n  t empera tu re  ( n e a r  room t empera tu re )  hydrogen r a t e s  a r e  l e s s  

t han  tw ice  those  o f  oxygen dnd a b o u t  t h r e e  t i m e s  thcit  for n i t r o g e n .  

For  the purpose o f  c a l c u l a t i n g  the  i n d i v i d u a l  R i s ,  the a s sumpt ion  

w i l l  be made t h a t  through the  a l k a l i n e  e l e c t r o l y t e  m a t r i x  the 

f o l l o w i n g  r e l a t i o n s  hold approximately:  
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Th t' re f o re 

% = 2AR 
2 

From Eq 3 
R - - R 

0.0795 
15.X 197.2C D =  

2 
s i n c e  A = 15.5 cm , the  a r e a  of the e l e c t r o d e s .  I t  i s  assumeti t h J t  

t h e  g a s e s  ,3re d c c e s s i b l e  t o  the e l e c t r o l y t e  bed on!y th rough  the 

e l e c t r o d e s .  T h i s  i s  t h e  j u s t i f i c a t i o n  f o r  s e t t j n g  A equal t o  t h e  

e l e c t r o d e  clre<i. For hydrogen,  Eq 7 becomes, 

2 P R  
197.2C 

;.e c o r r  
= 7.80 1 c 5  - t 

and f o r  n j  t rogen  o r  oxygen the r e l a t i o n  i s  

"> i -5  c o r r  
= 3.90 x l a  

DX, t: 

( 7 )  

(9)  

L 

It  should be noted t h a t  t h e  d j f f u s i o n  c o e f f i c i e n t s  a r e  inc:epentlent of  

p r e s s u r e ,  The r a t e s ,  however, are  p r e s s u r e  dependent  :inti <ire* g iven  by 

2A r' 

Tab le  V I 1  shows va lues  of the d i  f f u s i o n  cc1t.f f i c i e n  ts and 

d i f f u s i o n  r a t e s  f o r  t h e  expe r imen t s  which were preformed,  The d i f f t l s i o l  

c o e f f i c i e n t s  f o r  t h e s e  gases  i n  p u r e  w a t e r  a t  room t empera tu re  l i e  j n  

t he  range o f  a b o u t  2 t o  5 x 10 cm / s c c .  The d i f f u s i o n  r a t e s ,  which 

a r e  pressure  dependen t ,  f o r  t!le v;i 1 u c s  r e p o r t e d  In Tal?. c' V T Z  CGYYL.: ; ,  ' j  

t o  c u r r e n t s  of  t h e  o r d e r  of 0 . 1  t o  1.0 n a / c n  . C o n s i d e r ,  f o r  exoripIc, 

Exp. Bo. 3 ( T a b l e  VII) 

- 5  2 

2 
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-9 Z 36 x 10  n io l c s / sec  

T h i s  amount of  hydrogen wou1.d r e a c  t t h e r m a l l y  w i t h  oxygen t o  form 

36 s 10 n o l e s / s e c  of water. 
- Q  

R ~ 2  ai 18 x n o l c s / s e c  

T h i s  oxygen would react t h e r m a l l y  w i t h  liydro:,en t o  f o m  36 x 10 

mol.es/sec of  w a t e r .  T h e r e f o r e ,  ( 3 6  -I 36) x 10 o r  7 2  x 10 molcs / sec  
2 

of  w a t e r  would be formed f o r  15 .5  cn of e l ec t i -ode  a r e a ,  so t h a t  abou t  

h . 6  x loe9 m n l e s / s e c  i s  t h e  s e l f - d i s c h a r g e  r a t e .  

foi-ried p e r  second i s  e q u i v a l e n t  t o  2 x 96 ,  500 o r  193,000 amps. The re -  

f o r e  , i n  tcinis of an e q u i v a l e n t  s c l Z - d i s c h a r g e  c u r r e n t  d e n s i t y ,  

4 . 6  x moles/sec/cm = 4 .6  x lo-’ x 1.33 x 10 :: l o 3  = 0 .9  i n a / c m  . 
The  e f f i c i e n c y  loss caused  by a s e l f - d i s c h a r g e  r a t e  o f  this magnitude 

would be a c c e p t a b l e  under most c i r c u m s t a n c e s ,  b u t  t h e  d i f f u s i o n  r a t e s  

wou1.d v e r y  l i k e l y  be h i g h e r  ( p e r h a p s  muc!i h i g h e r )  a t  h i g h  s t a t e s  of  

c h a r g e  and h i g h  p r e s s u r e .  Seve ra l  e l e c t r o l y t i c a l l y  c o n d u c t i v e  mcnbranes 

a r e  b e i n 2  looked a t  p r e s e n t l y  i n  t h i s  l a b o r a t o r y  f o r  t h c  purpose of 

a c t i n g  as d i f f u s i o n  b a r r i e r s  when p l a c e d  between l n y e r s  of t h e  asbes tos .  

Some of  tlie r c s i i l t s  t o  d a t e  l.oolc pron?is ing.  

-9 

-9 -9 

One mole o f  water 

2 5 2 

4.5 C y  1 e E f f i c i enc ;.r Nea su renen  t s 

Sone e x p e r i n e n t s  were s e t  up f o r  the pu rpose  of d e t e r m i n i n g  

4-1,- L i ‘ L  L U L L L L L L  n..r--n..C e:fLcLcncy of  ;i c e l l  --’--.’ w i t  I le  unde r  go in>; ;; charge -6 i s  cha rge  

c y c l e .  I n  one expe r imen t ,  ~i c e l l  was charged w i t h  1 .8  (pi o f  35 p e r c e n t  

KOII s o l u t i o n ,  as t h i s  had p r e v i o u s l y  been d e t c m i n e d  a s  t h e  maximurn 

anoiint  f o r  tliat s i z e  c e l l  i n  o r d e r  t o  aci i icve minimum e l e c t r o d e  

p o l a r i z a t i o n .  A p r e s s u r e  of 50 p s i z  was a p p l i e d  and t h e  c e l l  wzs t h e n  

charged t o  1 .59  amp-hrs and i m i e d i n t e l y  d i schnrpcd .  Only 0.74 amp-lirs 

disciiai-ge m s  o b t a i n e d  t o  the s t - i r t i n g  p r e s s u r e ,  b u t  t h e r e  was a p p a r e n t l y  

n l e a k  i n  tlie p r e s s u r e  e q u a l i z e r .  Another  experiment  was performed 

w i t h o u t  tile e q u a l i z e r  and more e l . e c t r o l y t e  i n  t h e  b e d .  T h e  c e l l  was 

charged f o r  0.33 amp-lir and discliarged t o  3 .  3? ani--!ir, o r  95 p c r c e n t  
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of the o r i g i n a l  cha rge .  Thus,  i t  is seen t h a t  c u r r e n t  e r f i c i e n c y  

i n  c y c l i c  o p e r a t i o n  can  b e  h igh ,  b u t  w i t h  t h e  p r e s e n t  d e s i g n  

c o n s i d e r a b l y  more t h a n  t h e  opt imun amount of e l e c t r o l y t e  is needed i n  

t h e  bed .  
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5.  HYDROGEN-SILVER OXIDE CELLS 

The h y d r o g e n - s i l v e r  oxide c e l l  s tud ie s  were concerned w i t h  

i n c r e a s i n g  c e l l  performance and i n c r e a s i n g  t h e  c a p a c i t y  of  t h e  

s i l v e r  e l e c t r o d e  on t h e  f i r s t  c h i r g i n g  p l a t e a u  ( i . e . ,  d u r i n g  t h e  

ox j -da t ion  o f  s i l v e r  t o  Ag20). 

e f f i c i e n c y  and l o n g e r  l i v e d  c e l l s  would r e s u l t  i f  the  c h a r g i n g  and 

d i s c h a r g i n g  could be c a r r i e d  o u t  o n l y  i n  t h e  f i r s t  p l a t e a u  w i t h o u t  

pay ing  a l a r g e  p e n a l t y  i n  a lowered e n e r g y l w e i g h t  r a t i o .  S ince  

t h e r e  i s  o n l y  one gas s t o r e d  (hydrogen) i t  would be d e s i r a b l e  t o  

s t o r e  i t  i n  o t h e r  t han  a gaseous form. The r e s u l t i n g  c e l l  would 

t h e n  have no g a s  s t o r a g e ,  T h e r e f o r e ,  t h e  s t u d i e s  a l s o  i n c l u d e d  

hydrogen s t o r a g e  i n  pa l l ad ium and i n  Raney n i c k e l .  

The importance o f  t h i s  i s  t h a t  h i g h e r  

I n  o r d e r  t o  improve t h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  and 

c a p a c i t y  on t h e  f i r s t  cha rg ing  p l a t e a u  o f  a s i l v e r  o x i d e  e l e c t r o d e ,  

expe r imen t s  were conducted on t h e  e f f e c t  o f  dop ing  t h e  s i l v e r  o x i d e .  

There i s  ev idence  t h a t  t h e  c a p a c i t y  on the  f i r s t  p l a t e a u  i s  l i m i t e d  

by the  h i g h  r e s i s t i v i t y  o f  Ag221. 

f o r  t h e  f a c t  t h a t  much l e s s  than the t h e o r e t i c a l  cha rge  i s  a c c e p t e d  

on the f i r s t  p l a t e a u  i s  a s  fol lows:  o x i d a t i o n  o f  Ag t o  Ag20 o c c u r s  

o n l y  on t h e  s u r f a c e ,  and when t h e  s u r f a c e  o f  t he  e l e c t r o d e  becomes 

c o m p l e t e l y  covered by t h e  high r e s i s t a n c e  f i l m  o f  Ag20, t hen  Ag20 i s  

o x i d i z e d  t o  Ago and t h e  p o t e n t i a l  of the e l e c t r o d e  i n c r e a s e s  t o  that  

o f  t h e  second p l a t e a u .  E s s e n t i - a l l y  a l l  o f  t he  e l e c t r o d e  can  now be  

o x i d i z e d  s i n c e  t h e  Ago formed can t h e r m a l l y  o x i d i z e  Ag t o  Ag20 and 

i t s e l f  be reduced t o  Ag20. 

from s i x  t o  n i n e  o r d e r s  o f  magnitude l e s s  thin t h a t  o f  Ag20,  o r  

Thus,  a p r e v a l e n t  t heo ry  t o  a c c o u n t  

The r e s i s t i v i t y  o f  Ago i s  r e p o r t e d  t o  be 
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a p p r o x i m a t e l y  0 . 0 1  t o  10 ohm-cm (Ref .  7 ) .  Tha t  t h e  h i g h  r e s i s t i v i t y  

o f  A g 2 0  i s  r e s p o n s i b l e  f o r  the l i m i t e d  c a p a c i t y  on t h e  f i r s t  p l a t e d u ,  

2nd n o t  some o t h e r  f a c t o r  such a s  a v a i l a b i l i t y  o f  e l e c t r o l y t e ,  i s  

demonstrated by some o b s e r v a t i o n s  by T .  1'. D i rkse  ( R e f .  8 ) .  I t  h a s  

been o u r  o b s e r v a t i o n ,  a s  w e l l  a s  t h a t  o f  D i r k s e ,  (Ref .  7 ) )  t h a t  t h e  

e l e c t r o c h e m i c a l  a c t i o n  o c c u r s  outward from t h e  g r i d  o r ,  i n  t h e  case 

of  most o f  ou r  c e l l s ,  from the c o n t a c t  between the  e l e c t r o d e  and t h e  

body of the  c e l l  a t  t h e  back o f  t he  e l e c t r o d e .  On t h e  o x i d a t i o n  of  

Ag20 t o  Ago, Dirkse  hds  t h i s  to  s a y ,  "Thus,  the r e s i s t a n c e  o f  t he  Ag20 

seemed t o  make i t  e a s i e r  f o r  Ago t o  .Corm d t  t he  g r i d  where t h e  amount 

o f  e l e c t r o l y t e  was small r a t h e r  t l u n  d t  t h e  e l e c t r o d e  s u r f a c e  where 

t h e r e  was p l e n t y  o f  e l e c t r o l y t e . "  

5 .1  E l e c t r o d e  F a b r i c a t i o n  

S e v e r a l  methods of  making s i l v e r  ox ide  e l e c t r o d e s  were t r i e d .  

One method c o n s i s t e d  o f  s i n t e r i n g  s i l v e r  powder o n t o  a n  expanded s i l v e r  

s c reen"  made from s i l v e r  of 0 .010-inch t h i c k n e s s .  I n  some c a s e s  ca rbon  I t  

was i n c o r p o r a t e d  i n t o  the  e l e c t r o d e  For c o n d u c t i v i t y  pu rposes .  Two 

d i f i e r e u t  s i z e s  or  s i l v e r  pi)wder were ilsc'c!, and i n  some c a s e s  d o p e d  

ox ides  iqe1-e 1:iadc: by :il loyii i l ;  cadrJiuix o r  ni.ckeJ w i t h  t h e  s i l v e r  and  

;iluminui:i, t hen  powdered and s i n t e r e d .  T h e  aluminum was t!ien l ~ ~ a c l i e d  

o u t  w i t i i  ;i KO11 soI.utioii .  The i i iet~~otl  o f  producin:: t h e  i n d i v i d u , ~  1 c , l e c t r o d e s  

w i l l  b c  g iven ,  to::etlier w i t h  tlie r e s u l t s  o f  tlirir t e s t s ,  i n  S e c t i o n  5.2. 

P o l a r i z a t i o n  and  ciiarging c a p a c i t y  WCL-C v e r y  poor f o r  :11: oi: 

tile e l c  c t r o d c s  d c s c r i b e d  above e x c e p t  t o r  tlie Raiiey s i l v e r  e l e c t r o d e .  The 

v a s t  n a j o r i t y  of t h e  work on s i l v e r  oxide e l e c t r o d e s  was done w i t i i  c l c c -  

t r o d e s  r x d e  by past in: ;  f i -cshly p r c c i p i t a t c d  si . lvcr o x i d e  d i r e c t l y  i n t o  

t h e  c e l l .  Doping o f  t l iese  e l ec t rodc>s  w;is riccoriplished by c o p r e c i p i t ; i t i n g  

t h e  oxide  o f  t l ie dopin!; met:il.  The  s i l v e r  G r i d  17::s n o t  used w i t h  t h e s e  

e l e c t r o d c s  3 s  t h e  g r i d  n a t c r i a l  di.Lfercd so mnrltedly i n  p h y s i c a l  Eoiil:i 

from tliis [ ine ly  d i v i d e d  oxidc.  I t s  prcse-ncc w o u l d  have been a !:reat 

levelin::  f ; i c tor  on e l e c t r o d e  behav io r .  
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5 , 2  S i l v e r  Oside E l e c t r o d e  S t u d i e s  

The e l e c t r o d e  s t u d i e s  c o n s i s t e d  o f  p o l a r i z a t i o n  and cha rge  

c a p a c i t y  measurements on the f i r s t  p1:ite.tu. R e s i s t i v i t y  me;lstirenents 

o f  p u r e  Ag20 and s e v e r a l  doped o x i d e s  w i l l  a l s o  be c o n s i d e r e d  h e r e .  

5 . 2 . 1  R e s i s t i v i t y  of  I),,ped S i l v e r  Oxide 

A program was (oni!ilcted i n  which t en  samples o f  A g 2 0  

were each  doped w i t h  0 .5  atom p e r c e n t  o f  a d i p o s i t i v e  e l e m e n t .  T h e i r  

r e s i s t i v i t i e s  were determined and compared w i t h  th,j t of  undoped Ag2C.  

Then two o f  t he  b e s t  o f  t h e s e  were s t u d i e d  a s  s i l v e r  ox ide  e l e c t r o d e s  

and a g a i n  compared w i t h  the  undopcd Ag 6 .  2 
S i l v e r  o x i d e  wa s doped by a coprec ip i .  t a  t i o n  method . 

To a n e u t r a l  s o l u t i o n  o f  AgN03 and t h e  n i t r a t e  o f  the i m p u r i t y  me ta l ,  

il 3 5  p e r c e n t  KOH s o l u t i o n  was added IGl i i l e  t h e  whole s o l u t i o n  was b e i n g  

sti.rred w i t h  a magnet ic  s t i r r e r .  The s o l i d  phase s o l u b i l i t i e s  o f  the 

o x i d e s  i n  q u e s t i o n  a r e  i n  g e n e r a l  n o t  known, brit t he  amount o f  i m p u r i t y  

ox ide  formed w o u l d  g i v e  0 . 5  percen t  cln a n  a tomic  b a s i s  o n  the asstl1npt:on 

t h a t  i t s  s o l u b i l i t y  i n  Ag 0 i s  t h a t  g r e a t .  2 
1- - . L : .i"'; , 3 , 
L . .  

T.;'; , "r-r . \ > ,  
~ L ,  1 .  . , .$  :, 

-or ;iI L sar.lI)lcs, iiic!-(icling t : i ~  uiidopeci A:; >. i . L c ' ~ t ?  v.! lues  rep1-csi.I?? 

.- :cnsurerients imde  or- a s i n g l e  s:imp!e of czcli oxide>. Valucs a t  100 C 
0 

2 

'rc a l s o  g iven  f o r  t h e  dopcd o x i d e s  c x c c p t  f!ic cob l i l t  dopcd o x i d e ,  ::!I( 

:!le r ( : s i s t i v i t y  w;is too  low f o r  tile rncasur ing  a p p a r a t u s  arid t i ic cadnii.: 

,id mercury doped oxides. wlicrc tile scln?p!es were brokcl : .  T:ie room tci  - 
, ~e ra t t i i - c  v n l ~ i c s  Lor tlic l a t t e r  t w o  a r c ,  t i i e r e ro rc ,  u n c c r t \ i i n  :i I so .  T?.< 
; l l : l p l ~ ~  f o r  T a b l e  VI11 were prcparetl  b y  plncin;:  t h e  s l i g l i L l y  wet o::ic!c:, 

,: a r u b b e r  c y l i n d e r  about  1 cm i n  d i a r i e t e r  and e x e r t i n g  a h y d r o s t a t i c  

! iL - ( ' s su re  of appro:iiniat:cl;i 250 psi, They wcrc  tlicn t l r icd overnight a t  

I,!() C ;ind p l a c c d  i n  ;1 d e s s i c c i t o r  u n t i l  t l icy 'i~c1-c rcncly Tor use. Encl i  

: x  ,pie was appro::ii:rate.ly 2 r;.sn t h i ck  b u t  t h e r e  W;IS soi:ie v a r i a t i o n  irom \ , . k L .  

t c t  c! t l i . j t : i t<! ra  Silver ! - t ~ : i n ~  v.:s rlppl.icd t o  tiic o p p o s i t c  f ; i ce s  and tlic re:; :  -,- 

t :;!;L:k' \,',?,S T I , , :  S(!L : I  < ,  I i L!1 I I t - y L l C :  -.i,jc!c , I :y,s r.Y: 

-;,~cI!LI; r.,iijr: t t . , ] . ,  R , ,s :sy ; ;  ; C C  : 7 ' 1.'.]1 ;,s 'i :.. !.[)' ( > / ~ ; Y F  0 

o 

1 . I  

'! , .  

-- , , 1 7  ;:Lms::;~i-,s: t;: ,.'i A;,  j : ,as  rciyirLcL' c I s,.~,?;>,.r I b e  Lend t : i  1-  'Lti.. . 
of c: c)rdc: ' ~ 1 . .  10 o h m - c m  (Ref .  2) 
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RESISTIVITIES OF DOPED A1.D UNDOPED Ag,O 

0 1- l a t c r in l  R ,  25OC , , 2 5  c 

1 . 3 0  5 . 2 0  

As20  +0.005 Zn0 3.30 1 5 . 0  

Ag,O +O . '135 Cd 0;': (4 .90 )  (20.0) 
L 

A!;,,O +0 .005 I[gg>': ( O . 5 G )  ( 2 . 2 5 )  

A;120 +0.0!15 Cuc) 1 . 4 6  6 .30  

A<: 3 +0.00.5 PbO 1 .95  5.50 

i-0.005 Pd0 0 . 7 0  4 .40 

Ag 9 +0.0c)5 NnO 0.10 0 . 5 2  

.. 

2 

2 

Ag,O -t-0.005 FcO 0.81 4.50 

Ag2f) -1-3.035 COO 9 . 9 3  0.3G 

Ax,O +0.005 Xi0 0 . 7 9  3 . 9 5  
L 

-;; Samples u c r e  cracked 

3 R = r c s i s t a n c e ,  10 oiims 
n 

R ,  1 OO°C 

0 . 0 3  

0.02 

0 . 3 1  

3 .01  

4 3.91 

0 . 0 2  

< 0 . 0 1  

. 

0 p,100 c 

0.09 

0 . 0 5  

0.06 

9.35 

0.11. 



5,2.2 P o l a r i z a t i o n  and C . ipac i ty  of  S i l v e r  Chide 

E le  c t rode s 

S m e  i n i t i a l  cxpe r -men t s  were perfcriwc’ fcr the  $!la1 

purpose o f  checking o u t  t h e  f u n c t i o n i n g  of t h e  r e f e r e n c e  e l e c t r o d e s  

dnd mtiasurjng t h e  c h a r d c t e r i s t i c s  o f  dn undopetl s ~ l v e r  oxit’e e ’ e c t r o d e .  

C O ~ l S t c i n t  CUL1L-L3iit C : i a r t ; i q  curves ? r e  give11 Fit.s. I<-, l r t ,  20 am1 21 

The Tunctio,is s’,otm ir  Fi . 1 0  ‘iave t h e  iollo~ing 

tneani ng: 

1.  

2 .  Ag20 (working) - H2 ( r e f e r e n c e )  

3 .  Ag20 ( r e f e r e n c e )  - H2 ( r e f e r e n c e )  

4 .  H2 (working) - 112 ( r e f e r e n c e )  

5. A g 2 0  (working) - Ag20 ( r e f e r e n c e )  

Ag20 (working) - H2 (Lorking)  

On the seconc; p l a  tedu, of  c o u r s e ,  t h c  Xg20 working 

e l e c t  rode becomes Ago. 

The t h e o r e t i c a l  p o t e n t i a l  f o r  t h e  r e a c t i o n  

Ag 0 + H2 _1_3 2Ag + H 2 0  
2 

i s  1 . 1 7 2  v o l t s  ( R e f .  3 ) .  The f a c t  t h i t  channel  No. 3 r e a d s  v e r y  

c l o s e  t o  t h i s  v a l u e  f o r  most expe r imen t s  was  t \ iken ,is ev idence  t h d t  

b o t h  r e f e r e n c e  e l e c t r o d e s  a r e  h i g h l y  r e v e r s i b l e  dni! u n p o l a r i z e d .  I t  

can be s e e n  t h a t  i a r g r  c u r r e n t s  f l o w i n g  becweeri  rtie lyu rk i i l g  e l e c t r u d c s  

have no e f f e c t  on  t h e  p o t e n t i a l  o f  t he  two r e f e r e n c e  e l e c t r o d e s .  

S e p a r a t e  e x p e r i m e n t s ,  conducted on s e v e r a  1 o c c < i s i o n s ,  e s t a b l i s h e d  

t h a t  t hey  a r e  u n a f f e c t e d  t o  d t  l e a s t  220 ma/cm2 f lowing  i n  t h e  c e l l .  

On some o c c a s i o n s ,  however,  p o l a r i z a t i o n  o f  one o r  t he  o t h e r  r e f e r e n c e  

e l e c t r o d e  was n o t i c e d .  Departure  o f  channe l  No. 3 f rom t h e  r e v e r s i b l e  

v a l u e  i n d i c a t e s  t h a t  a t  l eas t  one r e f e r e n c e  e l e c t r o d e  h a s  become 

p o l a r i z e d .  

because o f  i t s  r e d u c t i o n .  T h i s  can be d e t e c t e d  by channe l  No. 5 ,  

which then  goes t o  z e r o .  A l s o ,  channe l  No. 3 f a l l s  o f f  by a n  amount 

eqrial t o  t h e  p o l a r i z a t i o n  o f  t he  Ag20. 

Every f a i l u r e  of the Ag20 r e f e r e n c e  e l e c t r o d e  hds occur red  

I t  would sometimes hLippen 
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t h a t  channe l  No. 3 f e l l  and No. 5 d i d  n o t ,  and t h d t  N o ,  4 showed d 

p o t e n t i d l  o f  u p  t u  d v o l t  o r  more. Under t h e s e  c i r c u m s t a n c e s ,  i t  . 
was e v i d e n t  t h a t  t he  hydrogen e l ec t roc i e  was b a d l y  p o l a r i z e < ' .  T h i s  

was p robab ly  the  resu l t  of f l o o d i n g ,  and could n e a r l y  a lways  be 

e l i m i n a t e d  by f l u s h i n g  the  hydrogen s i d e  w i t h  hydrogen f o r  a few 

m i n u t e s .  However, i t  was seldom p o s s i b l e  t o  r educe  t h i s  p o t e n t i a l  

below a b o u t  0.01 t o  G.02 v o l t  p o s i t i v e ,  which means t h e  r e f e r e n c e  

was n e g a t i v e  w i t h  r e s p e c t  t o  the working e l e c t r o d e .  T h i s  w o u l d  cause  

chan iwl  N o .  3 t o  read h i g h ,  bu t  i t  was found t h a t  i t  n e v e r  read h i g h ,  

b u t  l o w  sometimes by J.S much d s  L.L l3  v o l t .  I f  i t  be d s s i i m e d  t h i t  

t he  Ag20 r e f e r e n c e  e l e c t r o d e  was c o m p l e t e l y  u n p o l a r i z e d ,  then i t  

must be concluded t h a t  b o t h  hydrogen electroc1c.s w t  r e  p o l a r i z e d ,  

even  on open c i r c u i t ,  and t h a t  t h e  r e f e r e n c e  was p o l c i r i z e d  6.01 

t o  U.G2 v o l t  l ess .  

Another  o b s e r v a t i o n  t':at c o u l d  be  m a d e  i s  t h d t  t o  

w i t h i n  t h e  a c c u r a c y  o f  t he  me'isuring i n s t r i i m e n t s ,  t he  c u r v e s  were 

c o n s i s t e n t .  For example,  [\hen the a b s o l u t e  v a l u e s  o f  No. 4 p l u s  

No. i a r e  s u b t r 3 c t e d  f r tm  N I .  3 ,  curve  Nc>.  1 rcsr i l  t s .  A l s o .  cu rve  

Kv. 4 i s  the  d i  f f e r e n c e  bt, t\,e('n N o s .  1 .rnd -'. See Tab le  I X .  

E'ich of thc above e l e c t r o d e s  c o n t a i n e d  <i s i l v e r  

s c r e e n  which weighed abou t  1 . 2  grx. T h i s  s o l i d  s i  l v c r  s c r e e n  o n l y  

p a r t i a l l y  e n t e r s  i n t o  the  r e < i c t i o n ,  w i t h  the  r e s u l t  t h a t  t h e r e  i s  

some u n c e r t a i n t y  i n  the r e a c t i v i t y  o f  the m a t e r i a 1  under  t e s t ,  For 

t h s t  r e a s o n ,  a l l  o t h e r  s i l v e r  ox ide  e l e c t r o d e s  were made w i t h o u t  

t h e  s c r e e n .  
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E l e c t  rode  

S-3 

s-3 

s-4 

S -  G 

SP- 1 

SP-7 
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TABLE IX 

SILLTR ELECTRODE CONPOSITIONS 

Composition 

S h e r i c a t  s i l v e i -  (100 - 200 m e s i i )  -t 
:1 sbe s t 0 s 

Rclney s i l v e r  

S i lpowder  N o .  130 

75 p e r c e n t  s i l p o w d e r ,  25 p e r c e n t  ca rbon  

P r e c i p i t a t e d  A g  0 ,  undopcd 

P r e c i p i t a t e d  Ag 0 w i t h  0.5 a t o n  p e r c e n t  

2 

2 
COO. 

5 8  



I f  t h e  o x i d a t i o n  o f  t h e  s c r e e n  be asstimed n e g l i g i b l e ,  

t hen  i n  ma-hrs/gm, t h e  c a p a c i t y  of thtj S -3  e l e c t r o d e  would be 3.28 

t i m e s  a6 g r e a t  a s  shown i n  F igu re  22 and i t  would t h e r e f o r e  approach  

t h e  v a l u e s  f o r  t hose  i n  F i g u r e  23. 

I 

In Fi:;ui-e 23 a r e  shown the c . 4 p a c i t i e s  and p o l a r i -  

z a t i o n  c h a r a c t e r i s t i c s  o f  a n  undoped s i l v e r  o x i d e  e l e c t r o d e .  The 

e l e c t r o d e  was n o t  ana lyzed  f o r  s i l v e r  c o n t e n t ;  however,  e l e c t r o d e s  

o f  t h i s  type r i sua l ly  have abou t  1 . 1  t o  1 . 3  gm o f  s i l v e r .  

Coba1.t doped s i l v e r  ox ide  e l e c t r o d e s  were compared 

w i t h  cndoped s i l v e r  o x i d e ,  The r e s u l t s  a r e  shown i n  Fi .Tires  2 4  and 

25, For t h e s e  e x p e r i m e n t s ,  the c e l l s  were d i s c h a r g e d  complctc!l.y 

through a 1 ohm r e s i s t o r  and charged u n t i l  t he  second s i l v e r  p l a t e a u  

was r e a c h e d .  The s i l v e r  e l e c t r o d e s  were l a t e r  a n a l y z e d ,  u s i n g  t h e  

Volhard method, t o  de t e rmine  the to tc l l  amount of s i l v e r  p r e s e n t .  

. 

Since  t h e  Ag20 p a s t e  was u s u a l l y  g i v e n  a f i n a l  

wash w i t h  the  e l e c t r o l y t e  i n  o rde r  t o  p r e v e n t  pH g r a d i e n t s ,  t h e  

e f f e c t  o f  p H  w i t h i n  th t .  e l e c t r o d e  was a l s o  examined and i s  shown i n  

FI;:ures 2:. and 35.  Finilly, i n  F i g u r e  26, t he  r e s u l t s  of a chdrge 
a t  2 . 5  ma/cm2 a r e  shown a n d  comp:tred w i t h  thk)se a t  40 and 64 ma/c:.i 2 . 
The e l e c t r o d e  m a t e r i a l  a g a i n  was c o b a l t  Coped. Some expe r imen t s  

w i t h  manganese doped s i l v e r  oxide were performed b u t  t hey  seemed t o  

o f f e r  no  improvement over t h e  l indaped o x i d e ,  

5 . 3  Hydrogen StoraRe i n  Pall.idium 

A h y d r o g e n - s i l v e r  oxide f u e l  c e l l  would be e s p e c i a l l y  

a t t r a c t i v e  i f  t hc  hydrogen he re  s t o r e d  w i t h i n  t h e  e l e c t r o d e ,  A 

h y b r i d  f u e l  c e l l  would then  be o b t a i n e d ,  s i n c e  t h e  hydrogen e l e c t r o d e  

would be nonconsumable, and i n  t h i s  case,  t h e r e  would be no g a s  

p r e s s u r e  s t o r a g e  

A hydrogen e l e c t r o d e  was f a b r i c a t e d  by s i n t e r i n g  pa l l ad ium 

powder o n t o  11 f i n e  p l a t inum s c r e e n .  A pa l l ad ium b l a c k  c a t a l y s t  was - 
a p p l i e d  b y  t h e r m a l l y  decomposing PdC12  a t  5OO0C on t h e  s i n t e r e d  

p a l l a d i u m  e l e c t r o d e .  About 7 .5  mg Pd/cm2 was a p p l i e d  i n  t h i s  manner. 
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P r e s s u r e  was monitored c o n t i n u o u s l y  w h i l e  a h y d r o g e n - s i l v e r  o x i d e  c e l l  

was charged a l o n g  t h e  f i r s t  s i l v e r  p l a t e a u ,  u s i n g  t h e  s i n t e r e d  

palladiGm f o r  t h e  hydrogen e l e c t r o d e .  Thc o b j e c t  w3s t o  dc t c rmine  

p o l a r i z a t i o n  c h a r a c t e r i s t i c s  and t h e  r a t e  of  pressure b u i l d - u p  w i t h i n  

the  c e l l .  

The r e su l t s ,  shLiwn i n  Figirc .  27, were g e n e r a l l y  v e r y  s a t i s -  

f a c t o r y .  I t  can be seen  that  t h e r e  was a v e r y  s l i g h t  i n c r e ; i s e  w i t h  

t i m e  f o r  t h e  t h r e e  h i g h e s t  cha rg ing  r a t e s ,  and the gage p r e s s u r e  was 

always n e g a t i v e  e x c e p t  f o r  the 155 ma/cm r a t e .  A t  t he  end o f  t h e  

l a t t e r  cha rge  t h e r e  was a p o s i t i v e  gage p r e s s u r e  o f  a b o u t  3 p s i .  The 

r e a s o n  f o r  t he  n e g a t i v e  p r e s s u r e s  i s  t h a t  t h e  hydrogen si!’e of  t h e  

c e l l  was swept w i t h  hydrogen ,  i n  the  u s u a l  manner,  b e f o r e  each r u n  

and t h i s  was then  q u i c k l y  absorbed by the  pa l l ad ium.  

2 

The c e l l s  were d i scha rged  a t  t he  same r a t e s  a t  which t h e y  

had p r e v i o u s l y  been cha rged .  

95  p e r c e n t ;  a t  80 i t  was 87 pe rcen t ;  a t  124 i t  was 7 5  p e r c e n t ;  and 

a t  155 m a / c m 2  t he  r a t i o  was 67 p e r c e n t .  

o b t a i n e d  on d i s c h a r g e  was 180,  226,  258, and 104 r e s p e c t i v e l y .  The 

w e i g h t  o f  pa l l ad ium (minus the p l a t i n u m  s c r e e n )  was 1 .399  gm. However, 

i t  was n o t  shown t h a t  t h e s e  f i g u r c s  r e p r e s e n t e d  the  c a p a c i t y  o f  the 

pa l l ad ium o r  the  c a p a c i t y  o f  the s i l v e r .  

The amp-hr rati.0 a t  40 im/cm2 was 

The number o f  ma-hours 

i , o i a r i z a t i o n  c h a r a c t e r i s t i c s  were a b o u t  n o m  i f o r  a hydrogen 

e l e c t r o d e  c a t a l y z e d  w i t h  p u r e  p a l l a d i u m .  No r e l i a b l e  r e s u l t s  were 

o b t a i n e d  f o r  i n d i v i d u a l  e l e c t r o d e s  a s  t h e  hydrogen r e f e r e n c e  e l e c t r o d e  

f a i l e d  r e p e a t e d l y ,  p r o b a b l y  because i t  was o p la t inum c a t a l y z e d ,  

s i n t e r e d  n i c k e l  e l e c t r o d e  and a hydrogen g a s  p r e s s u r e  could n o t  be 

ma in ta ined  on i t  i n  t h e  presence o f  t h e  s i n t e r e d  pa l l ad ium e l e c t r o d e .  

5.4  Hydrogen S t o r a g e  i n  Rnney Nicke l  

Roney n i c k e l  e l e c t r o d e s  were examined v e r y  b r i e f l y  from 

t h e  s t a n d p o i n t  of hydrogen s t o r a g e  i n  a s i l v e r  oxide-hydrogen c e l l .  

The Raney n i c k e l  was made from a 50-50 nickel-aluminum a l l o y  i n  the  .. 
form of a powder. A f t e r  the aluminum was l eached  o u t  and t h e  m a t e r i a 1  
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washed, a n  e l e c t r o d e  was made by p a s t i n g  t h e  w e t  powdered Raney n i c k e l  

i n t o  the  e l e c t r o d e  space  i n  much t h e  same nunner  t h a t  the s i l v e r  o x i d e  

e l e c t r o d e s  :?ere p r e p a r e d .  The Paney n i c k e l  powder was f i n e  enough 

so t h a t  i t  was f looded w i t h  e l c  c t r o l y t e  whi l e  i n  opera t i o n .  I f  t h e  

Raney n i c k e l  d b s o r b s  h y d r o g e n  i n  t h e  c h a r g i n g  p r o c e s s  the way 

p a l l a d i u m  d o e s ,  then i t  shou ld  n o t  m t t e r  t h a t  t h e  e l e c t r o d e  i s  

f l o o d e d ,  s i n c e  m o l e c u l a r  hydrogen i s  n o t  formed. F i g u r e  2;: shows 

a c o n s t a n t  c u r r e n t  c h a r g i n g  o p e r a t i o n  and F i g u r e  2 9  shows a chdrge 

p o l a r i z a t i o n  c u r v e .  Discharge c h a r a c t e r i s t i c s  werc so poor  t h a t  no 

s i m i l a r  d i s c h d r g e  c u r v e s  c o u l d  bch o b t a i n e d .  

. 

The most l i k e l y  e x p l a n d t i o n  f o r  the r e s u l t s  i s  t h a t  t h e  

Raney n i c k e l  e l e c t r o d e  was hehJving a s  a g a s  e l e c t r o d e ,  i n  c o n t r a s t  

t o  t h e  pd l l ad ium e l e c t r o d e .  This s h o u l d  n o t  be s i i r p r i s i n y ,  however, 

s i n c e  hydrogen i n  true s o l u t i o n  i n  (or combinat ion w i t h )  n i c k e l  i s  

o r d e r s  of magnitude l e s s  than i t  i s  i n  pa l l ad ium ( R e f ,  9 ) .  I f  l a r g e  

amounts o f  hydrogen can be s t o r e d  i n  Raney n i c k e l ,  t hen  the  s t o r a g e  

m u s t  r e p r e s e n t  a n  a d s o r p t i o n  p r o c e s s ,  dnd t h e  e l e c t r o d e  mechanism 

would n o t  be expec ted  t o  b e  l i k e  t h a t  on palladium. 

5.5  Teclinic,il E v n l u a t i o n  o f  r lvdro,-en-Silver O x i d e  Fticl C e l l  E n t t e r v  

Based on  t h a t  p a r t  oi t h e  program t h n t  was concerned w i t h  tlie 

h y d r o g e n - s i l v e r  o x i d e  fue l .  c e l l  c o n c e p t ,  it seems r a t h e r  c e r t a i n  t l i . i t  a 

f u e l  c e i i  b a t t e r y  based on t h i s  system lrould or’fer  o n l y  ciarginnl advan- 

t a p s  a t  b e s t  o v e r  i x i s t i n g  b ; : t t c r i e s  i n  terms oL the cnergy/r . re ight i  

r a t i o .  FLydroScn stoi-a::e i n  pal lndium i s  c e r t a i n l y  Z e a s i b l e  f r o m  the 

s t a n d p o i n t  o f  t h e  nbi!  i t y  of pa1 I ; ~ c l i ~ i ~ ! i  t o  i-caclily t a k e  up hydrogen 

d u r i n g  cha rge  a n d  y i e l d  011 d i s c h a r p .  Tlie f i i n d m e n t o l  l i m i t a t i o n  imposed 

on tile e n e r g y l r r e j r h t  1 - a t i o  i s  duc t o  tlie f a c t  t h a t  p::I.ladinr: s n t u r n t e d  

w i t h  hydrogen (which c a n  b e  r e p r e s e n t e d  appi-oxin3tc?y by  t h e  f o r n u l a  

PdHOa6)  h a s  an e q u i v a l e n t  weinlit o f  t06.L~ -!- 0.6 o r  178 .5 .  T h i s  c o n p a r e s  
0.G 

Tor exanpke, t o  32 .7  Tor z i n c  and 56 .2  Lor cadmium. When a d d c d  t o  tlie 

e q u i v a l e n t  :!eight oi: Ago, vhich Is 61.9,  tlie e q u i v a l e n t  weight  f o r  t h e  

comb inat  i o n s  bccor?le: 
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250.4 

113.1 

34.6 

The AgO-PdIIOa 

v o l t a g e  than thc o t l i e r  two. 1Iowever, i t  can be seen  from F i g .  2 7  that  

3 v e r y  hi$ Z r a c t i o n  of tlic t h e o r e t i c a l  Iiydrogen s t o r n z e  can be 

r e a l i z e d .  h s  p o i n t c d  o u t  i n  S e c t i o n  5 . 3 ,  95 pcrccti t  c u r r c n t  c f f i c i c n c y  

can  bc o b t a i n c d  a t  <; cha rge  ::nd discl inrgc c u r r c n t  d e n s i t y  o f  4.0 m a / c m  , 
even ~7hcr-1 t h e  m a t e r i n l  was cliarzcd t o  i t s  t i i c o r c t i c a l  c a p a c i t y .  

s y s t c n  3150 s u f i e r s  fror?. a somew!iat lower operatin:: 

2 
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6.  CONCLUSIONS 

C o n s i d e r a b l e  p r o g r e s s  towards r e a c h i n g  the  s t a t e d  o b j e c t i v e s  of  

t h i s  program were r e a l i z e d ,  I n  p a r t i c u l a r )  t h e  e f f i c i e n c i e s )  power 

d e n s i t i e s ,  and c a p a c i t i e s  o f  both the  h y d r o g e n - s i l v e r  o x i d e  c e l l  and 

t h e  hydrogen-oxygen c e l l  were v e r y  s u b s t a n t i a l l y  improved o v e r  the  

c o r r e s p o n d i n g  c h a r a c t e r i s  t i c s  a t  t h e  beg inn ing  of  t h e  program. The 

g e n e r a l  c o n c l u s i o n s  r e g a r d i n g  each c e l l  s e p a r a t e l y  can  now be 

summarized: 

6.1 Hydrogen-Si lver  Oxide C e l l s  

Research concerned w i t h  t h e  h y d r o g e n - s i l v e r  o x i d e  c e l l  

y i e l d e d  t h e  f o l l o w i n g  resu l t s :  

1. S i l v e r  o x i d e  doped w i t h  MnO, and e s p e c i a l l y  

w i t h  C O O ,  d i sp ldyed  r e s i s t i v i t i e s  much lower 

than  t h a t  o f  pure Ag20. 

2 .  E l e c t r o d e s  made w i t h  the  c o b a l t  doped o x i d e  

demonstrated much l e s s  p o l a r i z a t i o n  a t  a 

g iven  c u r r e n t  d e n s i t y  than  s i l v e r  o x i d e  

e l e c t r o d e s  from commerical b a t t e r i e s  ( R e f ,  10). 

3 .  The same e l e c t r o d e s  y i e l d e d  much g r e a t e r  

c h a r g i n g  c a p a c i t y  a l o n g  t h e  f i r s t  c h a r g i n g  

p l a t e a u  than  p r e v i o u s  commerical s i l v e r  o x i d e  

e l e c t r o d e s  ( R e f .  l o ) .  To t h e  p o i n t  where the  

second p l a t e a u  was r e a c h e d ,  c a p a c i t i e s  up t o  

7 7  p e r c e n t  o f  t h e o r e t i c a l  were r e a l i z e d ,  

compared t o  20 to 4 0  p e r c e n t  f o r  p r e v i o u s l y  

r e p o r t e d  s i l v e r  e l e c t r o d e s  (Ref .  8 ) .  
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4 .  T h e  S X . ~  e l e c t r o d e s  d i s p l a y e d  a n  absence  of tlie v o l t a g e  

pea!< o r d i n a r i l y  ; issociatccl  t..:ith s i l ~ e 1 -  e l e c t r c 3 d ~ ~  . s  t::c 

c l izrging changes Kron tlie f i r s t  t o  tlie sccond pl.ati,al..i. T h i s  

c h a r a c t e r i s t i c  of thest? c l t c t r o d c s  i s  s i p i i E i c a n t  i n  sys t ens  

w i t h  vo l t age  r e g u l a t o r s  which s t o p  tile cl iargfng o i  'ihc c e l l  

a t  a p r e s e t  voltage, i n  oi-der t o  p r e v e n t  :;assing:. 

\ 

5. The f e a s i b i l i t y  of  s t o r i n 2  hydroscn wi t l i i n  n p a l l n d i u r !  

c l e c t r o d c ,  t h e r e b y  prodircin:;  n 1 :ydroSe~ i - s i Ive r  c~:<I'.tlc C P '  1 

w i t h  no p r e s s u r e  sLoi-:i;;e, IJ:,S dcs:onstr.ited. I-IOT?CVEI', t : , is  

s;.~sttcr:i ~ ~ o i 1 1 . d  seem tc? o f f e r  nc) :idv::nt;i:je in cncr:;y/mi.gi:t 

r a r i o  over s o m  e x i s t i n ! ;  s:. s t t ~ g s .  

6 . 2  Hvdronen-Oxygen C e l l s  

Research concerned w i t h  t h e  hydrogen-oxygen c e l l  y i e l d e d  

the  f o l l o w i n g  r e s u l t s :  

1. An improved c a t L i l y s t  p l a t i n g  p rocedure  f o r  

n i c k e l  e l e c t r o d e s  was developed.  

2 .  The e f f e c t s  of  b o t h  t o t d l  and d i f f e r e n t i a l  

p r e s s u r e s  on each e l e c t r o d e  were de te rmined .  

3 .  Temperature dependence on e l e c t r o d e  p o l a r i -  

z a t i o n  was e s t a b l i s h e d .  

4 .  The e f f e c t  o f  mixed p15tinum-palladium 

c a t a l y s t s  was s t u d i e d  and the  optimum r a t i o  

of the  two c a t a l y s t s  was de t e rmined .  

5.  The e f f e c t s  o f  e l e c t r o l y t e  i m p u r i t i e s  were 

s tud i e d  . 
E v a l u a t i o n  o f   PI^^^^ and Po21o doped s i l v e r  

e l e c t r o d e s  f o r  t he  ca thode  i n  hydrogen-oxygen 

c e l l s  was made. However, o u r  r e s u l t s  showed 

no c o r r e l a t i o n  w i t h  r a d i o a c t i v i t y .  

6 .  
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7 .  The e f f e c t  of  e l e c t r o l y t e  c o n c e n t r a t i o n  on 

e l e c t r o d e  p o l a r i z a t i o n  was s t u d i e d .  These 

s t u d i e s  were e s p e c i a l l y  p e r t i n e n t  t o  

r e c h a r g e a b l e  ce l l s  a s  t h i s  e f f e c t  e s t a b l i s h e s ,  

i n  p a r t ,  t h e  range of  c o n c e n t r a t i o n  ove r  which 

t h e s e  c e l l s  can  be o p e r d t e d .  

8.  The f e a s i b i l i t y  of a method o f  s t o r i n g  e x t r a  

e l e c t r o l y t e  (0 t he r  t han  b e  tween the  e l e c t r o d e s )  

w i t h i n  a c e l l  was demons t r a t ed .  The importance 

of  t h i s  i s  t h a t  c e l l  c a p a c i t y  i s  de termined  by 

the  amount of useable  w a t e r  i n  the  s y s t e m .  

9 .  Gas d i f f u s i o n  r a t e s  th rough t h e  e l e c t r o l y t e  bed 

were e s t a b l i s h e d  and p o s s i b i  l i t i e s  f o r  d e c r e a s i n g  

t h e s e  r a t e s  were sugges t ed .  

A s  t h e  r e s u l t  of  the e l e c t r o d e  s t u d i e s  o u t l i n e d  above ,  a 

v e r y  s i g n i f i c a n t  improvement i n  c e l l  performance was accompl ished  

d u r i n g  the  cour se  o i  t he  program. Power d e n s i t i e s  u p  t o  90 mw/cm2 a t  
2 room ten ipera ture  were demonst ra ted .  About 150 mw/cm was a t t a i n e d  a t 

7OoC.  

and a d i s c h a r g e  cu rve  a t  70 C .  

F i g u r e  39 shows a cha rge -d i scha rge  c u r v e  a t  room t empera tu re  
0 
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